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BACKGROUND  OF  THE  INVENTION 

F i e l d   Of  The  I n v e n t i o n  

One  a s p e c t   of  t h i s   i n v e n t i o n   c o n c e r n s   m a k i n g  

t e t r a h y d r o f u r a n ,   1 . 4 - b u t a n e d i o l   or  m i x t u r e s   t h e r e o f  

by  h y d r o g e n a t i n g   a  v a r i e t y   of  h y d r o g e n a t a b l e  

p r e c u r s o r s   s u c h   as  m a l e i c   a c i d ,   m a l e i c   a n h y d r i d e .  

f u m a r i c   a c i d .   s u c c i n i c   a c i d .  m a l i c   a c i d ,   d i m e t h y l  

s u c c i n a t e ,   γ - b u t y r o l a c t o n e   or  m i x t u r e s   t h e r e o f .  

T h e s e   p r e c u r s o r s   c a n   be  d e s c r i b e d   as  d i c a r b o x y l i c  

a c i d s ,   d i c a r b o x y l i c   a c i d   e s t e r s ,   l a c t o n e s   or  m i x t u r e s  

o f   s a i d   a c i d s ,   e s t e r s ,   l a c t o n e s   a n d / o r   a n h y d r i d e s .  

A n o t h e r   a s p e c t   of  t h i s   i n v e n t i o n   c o n c e r n s   a  

c o n t i n u o u s   c a t a l y t i c   p r o c e s s   f o r   m a k i n g  

t e t r a h y d r o f u r a n ,   1 . 4 - b u t a n e d i o l   or  m i x t u r e s   t h e r e o f  

f r o m   a  n o r m a l   C4  h y d r o c a r b o n   s u c h   as  n - b u t a n e .   T h e  

p a r t i c u l a r   P d / R e / C   c a t a l y s t   e m p l o y e d   f o r   t h e s e  

p r o c e s s e s   i s   a n o t h e r   a s p e c t   of  t h i s   i n v e n t i o n   as  i s  

t h e   p r e f e r r e d   m e t h o d   f o r   m a k i n g   t h e   c a t a l y s t .  

S t a t e   Of  The  A r t  

T h e r e   a r e   n u m e r o u s   m e t h o d s   d i s c l o s e d   in  t h e  

a r t   f o r   m a k i n g   t e t r a h y d r o f u r a n   and  1 . 4 - b u t a n e d i o l .  

T h e r e   a r e   p u b l i c a t i o n s   r e l a t i n g   to   t h e   h y d r o g e n a t i o n  

of  m a l e i c   a c i d   or  m a l e i c   a n h y d r i d e   t h a t   a l s o   d e s c r i b e  

v a r i o u s   a t t e m p t s   to   m a x i m i z e   p r o d u c t   y i e l d s .   F o r  

i n s t a n c e ,   in   t h i s   r e g a r d   s e e :   U .S .   4 ,  1 5 5 ,  9 1 9 ,   U . S .  

3 . 9 5 7 . 8 2 7 .   U .S .   3 . 3 7 0 . 0 6 7   and  U .S .   3 ,  1 1 3 ,  1 3 8 ;  

J a p a n e s e   P a t e n t   P u b l i c a t i o n s   3 2 4 3 9 / 7 4   and  4 3 6 8 3 / 6 9 :  

German  P a t e n t   P u b l i c a t i o n s   2 . 5 1 9 . 8 1 7   and  2 . 7 1 5 . 6 6 7 :  

and  B r i t i s h   P a t e n t   1 , 5 3 4 , 2 3 2 .   T h e s e   p u b l i c a t i o n s  

d e s c r i b e   c a t a l y t i c   p r o c e s s e s   f o r   m a k i n g   m a l e i c  



a c i d / m a l e i c   a n h y d r i d e :   U .S .   4 , 2 5 1 , 3 9 0 .   U . S .  

4 ,  2 3 1 ,  9 4 3 .   U . S .   4 ,  2 4 4 ,  8 7 8   and  U . S .   4 ,  2 8 3 ,  2 8 8 .  

F r e n c h   P a t e n t   2 . 5 0 5 . 8 1 9   d i s c l o s e s  

h y d r o g e n a t i o n   r e a c t i o n s   e m p l o y i n g   s u p p o r t e d   P d / R e  

c a t a l y s t s .   A l t h o u g h   t h e   c a t a l y s t s   c a n   be  made  b y  

s e q u e n t i a l   d e p o s i t i o n   of  Pd  and  R e  m e t a l ,   n o  
i n t e r m e d i a t e   r e d u c t i o n   i s   d i s c l o s e d .  

The  s u b j e c t   o f   t h i s   i n v e n t i o n   c o n c e r n s  

o p t i m i z a t i o n   of  t h e   p r o c e s s   f o r   m a k i n g  

t e t r a h y d r o f u r a n   and  1 . 4 - b u t a n e d i o l .   The  d e s c r i b e d  

m e t h o d s   e m p l o y   a  s e l e c t e d   c a t a l y s t   to   p r o d u c e   h i g h  

y i e l d s   of  t e t r a h y d r o f u r a n   and  1 . 4 - b u t a n e d i o l   w i t h  

h i g h   p r o d u c t i v i t y .   The  m e t h o d s   p r o c e e d   f r o m  

d i c a r b o x y l i c   a c i d   or  d i c a r b o x y l i c   a c i d   e s t e r   s t a r t i n g  

r e a c t a n t s .   The  m e t h o d s   of  t h i s   i n v e n t i o n   a r e  

c h a r a c t e r i z e d   in   t h a t   t h e y   can   be  o r i e n t e d ,   a s  

d e s i r e d ,   t o w a r d   p r o d u c t i o n   of  h i g h   r a t i o s   o f  

t e t r a h y d r o f u r a n   t o   1 , 4 - b u t a n e d i o l   or  v i c e   v e r s a .  

SUMMARY  OF  THE  INVENTION 

T h i s   i n v e n t i o n   c o n c e r n s   a  c o m p o s i t e   c a t a l y s t  

of  p a l l a d i u m   and  r h e n i u m   on  a  c a r b o n   s u p p o r t .   T h e  

c a t a l y s t   c o m p r i s e s   f r o m   a b o u t   0.5%  to   10%  o f  

p a l l a d i u m   and  a b o u t   1%  to   10%  of  r h e n i u m   by  w e i g h t .  

A  p r e f e r r e d   c a t a l y s t   c o n t a i n s   a b o u t   1  t o   6%  of  Pd  a n d  

3  to   6%  of  Re  and  an  e s p e c i a l l y   p r e f e r r e d   c a t a l y s t  

c o n t a i n s   a b o u t   3%  of  Pd  and  3%  of  R e .  

The  P d / R e / C   c a t a l y s t   of  t h i s   i n v e n t i o n  

c o m p r i s e s   Pd  in   t h e   f o r m   of  c r y s t a l l i t e s   h a v i n g   a n  

a v e r a g e   s i z e   of  a b o u t   10  to   25  nm  and  Re  i n   t h e   f o r m  

of  a  h i g h l y   d i s p e r s e d   p h a s e   of  c r y s t a l l i t e s   l e s s   t h a n  

a b o u t   2 .5   nm  and  p r e f e r a b l y   l e s s   t h a n   1 . 5   nm  i n  

s i z e .   Pd  c r y s t a l l i t e   s i z e s   have   b e e n   d e t e r m i n e d   b y  

H2/02   t i t r a t i o n .   and  Re  c r y s t a l l i t e   s i z e s   b y  

s c a n n i n g   t r a n s m i s s i o n   e l e c t r o n   m i c r o s c o p y   ( S T E M ) .  



The  h i g h l y   d i s p e r s e d   Re  c r y s t a l l i t e s   a r e   t o o   s m a l l   t o  

be  d e t e c t e d   by  X - r a y   d i f f r a c t i o n   or  by  STEM. 

T h i s   i n v e n t i o n   a l s o   c o n c e r n s   a  m e t h o d   f o r  

m a k i n g   s a i d   c a t a l y s t   c o m p r i s i n g ,   in   s e q u e n c e ,   t h e  

s t e p s   o f :  

( i )   i m p r e g n a t i n g   t h e   c a r b o n   s u p p o r t   w i t h   a  

s o u r c e   of  p a l l a d i u m   in   s o l u t i o n   and  r e m o v i n g  

t h e   s o l v e n t ,  

( i i )   h e a t i n g   t h e   p a l l a d i u m   i m p r e g n a t e d   c a r b o n   a t  

a  t e m p e r a t u r e   of  a b o u t   150°C  t o   5 5 0 ° C .  

p r e f e r a b l y   a b o u t   200°C  to   3 0 0 ° C .   u n d e r  

r e d u c i n g   c o n d i t i o n s ,   u s u a l l y   f o r   a b o u t   2  t o  

5  h o u r s .  

( i i i )   a p p l y i n g   to   t h e   p a l l a d i u m   i m p r e g n a t e d   c a r b o n  

a  s o u r c e   of  r h e n i u m   t h a t   i s   i n   s o l u t i o n ,   a n d  

r e m o v i n g   t h e   s o l v e n t   t o   f o r m   t h e   P d / R e / C  

c a t a l y s t .  

I t   i s   p r e f e r r e d   to   h e a t   t h e   P d / R e / C   c a t a l y s t   of  s t e p  

( i i i )   a t   a  t e m p e r a t u r e   of  a b o u t   150°C  to   5 5 0 ° C ,  

p r e f e r a b l y   a b o u t   200°C   to   3 0 0 ° C .   u n d e r   r e d u c i n g  

c o n d i t i o n s ,   u s u a l l y   f o r   a b o u t   2  to   5  h o u r s .   T h i s  

r e d u c t i o n   can   be  c a r r i e d   o u t   i m m e d i a t e l y   a f t e r   s t e p  

( i i i )   or  i t   can   be  d o n e   in   t h e   h y d r o g e n a t o r   j u s t  

b e f o r e   t h e   r e a c t i o n   i s   c a r r i e d   o u t   or  s i m u l t a n e o u s l y  

w i t h   t h e   i n c e p t i o n   of  t h e   r e a c t i o n .  

I t   i s   p r e f e r r e d   to   have   a  G r o u p   IA  or  I I A  

m e t a l   s u c h   as  p o t a s s i u m ,   s o d i u m ,   l i t h i u m ,   c a l c i u m ,   o r  

m a g n e s i u m   p r e s e n t   d u r i n g   t h e   c a t a l y s t   s y n t h e s i s .  

P r e f e r r e d   a m o u n t s   a r e   a b o u t   0 . 1   to   1  mo le   p e r c e n t  

b a s e d   on  t h e   number   of  m o l e s   of  c a r b o n   in   t h e  

s u p p o r t .   P r e f e r r e d   s u p p o r t s   have   a  s u r f a c e   a r e a   i n  

e x c e s s   of  a b o u t   650  m2/g   and  mos t   p r e f e r a b l y   i n  

e x c e s s   of  a b o u t   900  m 2 / g .  

T h i s   i n v e n t i o n   a l s o   c o n c e r n s   a  p r o c e s s   f o r  

t h e   s e l e c t i v e   p r o d u c t i o n   of  t e t r a h y d r o f u r a n ,  



1 . 4 - b u t a n e d i o l   or  m i x t u r e s   t h e r e o f   by  t h e  

h y d r o g e n a t i o n   of  h y d r o g e n a t a b l e   p r e c u r s o r s   s u c h   a s  
m a l e i c   a n h y d r i d e ,   m a l e i c   a c i d .   f u m a r i c   a c i d .   s u c c i n i c  

a c i d .   m a l i c   a c i d .   s u c c i n i c   e s t e r s   s u c h   as  d i m e t h y l  

s u c c i n a t e .   y - b u t y r o l a c t o n e   or  m i x t u r e s   o f  t w o   or  m o r e  

t h e r e o f   i n   an  a q u e o u s   or  o r g a n i c   s o l v e n t   med ium  a t   a  
r e a c t i o n   t e m p e r a t u r e   of  a b o u t   1 3 0 ° C   to   2 8 5 ° C .   a  

h y d r o g e n   p r e s s u r e   of  a b o u t   300  p s i g   (2  MPa)  to   5 0 0 0  

p s i g   (35  M P a ) ,   a  h y d r o g e n   s p a c e t i m e   of  a b o u t   1  t o   1 0  

m i n u t e s ,   and  a  c o n t a c t   t i m e   of  a b o u t   0 . 5   t o  7   h o u r s  

i n   t h e   p r e s e n c e   of  t h e   c a r b o n - s u p p o r t e d  

p a l l a d i u m - r h e n i u m   c a t a l y s t   d e s c r i b e d  a b o v e .  

R e p r e s e n t a t i v e   o r g a n i c   m e d i a   i n c l u d e   d i o x a n e .  

y - b u t y r o l a c t o n e .   and  t h e   l i k e .   The  p r e f e r r e d  

p r e c u r s o r s   a r e   m a l e i c   a c i d   and  m a l e i c   a n h y d r i d e .  

The  c a t a l y s t   of   t h i s   i n v e n t i o n   p r o v i d e s   ( a )  

s u b s t a n t i a l l y   100%  c o n v e r s i o n   of  t h e   p r e c u r s o r ( s ) ,  

(b)   h i g h   s e l e c t i v i t y   to   and   y i e l d   of  t h e   THF/BDO 

p r o d u c t ,   and  (c)   t h e   a d v a n t a g e   of   b e i n g   a b l e   t o  

c o n t r o l   t h e   p r o d u c t   r a t i o   of  THF/BDO  by  v a r y i n g   t h e  

t e m p e r a t u r e ,   t h e   c o n t a c t   t i m e   a n d / o r   t h e   h y d r o g e n  

s p a c e t i m e   w i t h i n   t h e   d e s c r i b e d   o p e r a t i n g   r a n g e s   s o  

t h a t ,   g e n e r a l l y ,   t h e   h i g h e r   t h e   t e m p e r a t u r e .   t h e  

l o n g e r   t h e   c o n t a c t   t i m e ,   a n d / o r   t h e   h i g h e r   t h e  

h y d r o g e n   s p a c e t i m e .   t h e   h i g h e r   t h e   r a t i o   of  THF  t o  

BDO,  and  v i c e   v e r s a .   H y d r o g e n   s p a c e t i m e   i s   d e f i n e d  

as  t h e   r e a c t i o n   v o l u m e   d i v i d e d   by  t h e   h y d r o g e n   f l o w  

r a t e   u n d e r   r e a c t i o n   c o n d i t i o n s .  

T h i s   i n v e n t i o n   a l s o   c o n c e r n s   a  c o n t i n u o u s  

p r o c e s s   f o r   t h e   p r o d u c t i o n   of  t e t r a h y d r o f u r a n .  

1 . 4 - b u t a n e d i o l   or  a  m i x t u r e   t h e r e o f   f r o m   a  n o r m a l   C4 
h y d r o c a r b o n   or  an  a r o m a t i c   h y d r o c a r b o n   c o m p r i s i n g :  

( i )   o x i d i z i n g   t h e   h y d r o c a r b o n   t o   f o r m  

m a l e i c   a n h y d r i d e .  



( i i )   c o l l e c t i n g   t h e   m a l e i c   a n h y d r i d e  

p r o d u c e d   in  s t e p   ( i )   in  an  a q u e o u s  
s o l u t i o n ,   a n d  

( i i i )   r e a c t i n g   t h e   a q u e o u s   s o l u t i o n   o f  

m a l e i c   a c i d   w i t h   h y d r o g e n   in   t h e  

p r e s e n c e   of  t h e   P d / R e / C   c a t a l y s t   o f  

t h i s   i n v e n t i o n   u n d e r   t h e   d e s c r i b e d  

c o n d i t i o n s .  

I t   i s   t h e   e s s e n t i a l l y   c o m p l e t e   c o n v e r s i o n   o f  
m a l e i c   a c i d   and  t h e   h i g h   s e l e c t i v i t y   to   and  y i e l d   o f  

THF/BDO  in   an  a q u e o u s   med ium  o b t a i n e d   w i t h   t h e  

c a r b o n - s u p p o r t e d   p a l l a d i u m - r h e n i u m   c a t a l y s t   t h a t  

makes   t h i s   c o n t i n u o u s   p r o c e s s   e f f i c i e n t   and  u s e f u l .  

DETAILS  OF  THE  INVENTION 

The  C a t a l y s t  

One  m e t h o d   f o r   m a k i n g   t h e   c a t a l y s t   c o m p r i s e s  

(a)   a p p l y i n g   a  s o l u t i o n   of  a  p a l l a d i u m   compound   to   a  
c a r b o n   s u p p o r t   and  r e m o v i n g   t h e   s o l v e n t :   (b)  h e a t i n g  
t h e   c a r b o n   i m p r e g n a t e d   w i t h   t h e   p a l l a d i u m   c o m p o u n d  

p r o d u c e d   in   (a)   a t   a  t e m p e r a t u r e   of  a b o u t   150°C  t o  

5 5 0 ° C .   p r e f e r a b l y   a b o u t   200°C   to  3 0 0 ° C ,   u n d e r  

r e d u c i n g   c o n d i t i o n s ,   c o o l i n g   t h e   c a r b o n - s u p p o r t e d  

p a l l a d i u m   c o m p o s i t e   ( P d / C )   p r o d u c e d   in  ( b ) ,   and  ( c )  

a p p l y i n g   a  s o l u t i o n   of  r h e n i u m   c o m p o u n d   to   t h i s  

c o m p o s i t e   and  r e m o v i n g   t h e   s o l v e n t .  

I t   i s   p r e f e r r e d  t o   h e a t   t h e   Pd /C   i m p r e g n a t e d  

w i t h   t h e   r h e n i u m   compound   p r o d u c e d   in   s t e p   (c)   a b o v e  

a t   a  t e m p e r a t u r e   of  a b o u t   150°C  to  5 5 0 ° C ,   p r e f e r a b l y  

a b o u t   2 0 0 ° C   to  300°C ,   u n d e r   r e d u c i n g   c o n d i t i o n s   f o r  

a b o u t   2  to  5  h o u r s .   T h i s   can   be  done   i m m e d i a t e l y  

f o l l o w i n g   s t e p   ( c ) ,   or  i t   can   be  done   in   t h e  

h y d r o g e n a t i o n   a p p a r a t u s   j u s t   b e f o r e   t h e   r e a c t i o n   i s  

c a r r i e d   o u t   or  s i m u l t a n e o u s l y   w i t h   t h e   i n c e p t i o n   o f  

t h e   r e a c t i o n .  



P r e f e r a b l y ,   p r e p a r a t i o n   of  t h e   P d / R e / C  

c a t a l y s t   i s   c a r r i e d   o u t   in  t h e   p r e s e n c e   of  Group   I A  

or  I IA  m e t a l s  s u c h   as  p o t a s s i u m ,   s o d i u m ,   l i t h i u m .  

c a l c i u m   or  m a g n e s i u m .   The  l a t t e r   may  be  p r e s e n t   i n  

t h e   c a r b o n   as  o b t a i n e d   or  may  be  a d d e d ,   i f   a b s e n t ,   b y  

i m p r e g n a t i n g   t h e   c a r b o n   s u p p o r t   w i t h   a  s o l u t i o n   of  a  

G r o u p   IA  or  I IA  m e t a l   c o m p o u n d ,   e . g . ,   L i C l .   N a C l ,  

KCl,   KOH,  NaOH,  C a C l 2 ,   or  M g C l 2 · 6 H 2 O .   I t   i s   b e l i e v e d  

t h a t   t h e   G r o u p   IA  or  I IA  m e t a l   h a s   a  b e n e f i c i a l  

e f f e c t   on  t h e   c a t a l y s t   m i c r o s t r u c t u r e .  

A l t e r n a t i v e l y ,   t h e   G r o u p   IA  or  Group   I I A  

m e t a l   can   be  a d d e d   w i t h   t h e   p a l l a d i u m   by  a d d i n g   t h e  

G r o u p   IA  or  Group   I IA  m e t a l   c o m p o u n d   to   t h e   s o l u t i o n  

of  t h e   p a l l a d i u m   compound   or  by  u s i n g   a  p a l l a d i u m  

c o m p o u n d   t h a t   a l s o   c o n t a i n s   t h e   G r o u p   IA  or  Group   I I A  

m e t a l ,   e . g . ,   K2PdCl4   or  N a 2 P d C l 4 .   I t   i s   p r e f e r r e d   t o  

add  t h e   G r o u p   IA  or  G r o u p   I IA  m e t a l   to   t h e   c a r b o n  

s u p p o r t   and   to   c a l c i n e   t h e   i m p r e g n a t e d   c a r b o n   a t  

t e m p e r a t u r e s   in   t h e   r a n g e   of  a b o u t   2 0 0 ° C   to  400°C  f o r  

a b o u t   two  to   s i x   h o u r s   b e f o r e   i m p r e g n a t i n g   t he   c a r b o n  

s u p p o r t   w i t h   t h e   s o u r c e   of  p a l l a d i u m .  

The  s o l u t i o n s   of  p a l l a d i u m   compound   a n d  

r h e n i u m   c o m p o u n d   can  be  a p p l i e d   to   t h e   c a r b o n   b y  

i m m e r s i n g   or  s u s p e n d i n g   t h e   s u p p o r t   m a t e r i a l   in   t h e  

s o l u t i o n   or  by  s p r a y i n g   t h e   s o l u t i o n   o n t o   t h e  

c a r b o n .   The  s o l u t i o n   c o n t a i n i n g   t h e   p a l l a d i u m  

c o m p o u n d   i s   t y p i c a l l y   an  a c i d i c   a q u e o u s   m e d i u m  

c o n t a i n i n g   HC1  and  an  a m o u n t   of  p a l l a d i u m   compound   t o  

y i e l d   a  c a t a l y s t   p r o d u c t   w i t h   t h e   r e q u i s i t e   a m o u n t   o f  

p a l l a d i u m .   The  p a l l a d i u m   c o m p o u n d   i s   t y p i c a l l y   P d C l 2  
bu t   can   a l s o   be  a  p a l l a d i u m   c o m p o u n d   s u c h   a  n i t r a t e .  

c a r b o n a t e ,   c a r b o x y l a t e ,   a c e t a t e ,   a c e t y l   a c e t o n a t e .   o r  

a m i n e .   The  s o l u t i o n   c o n t a i n i n g   t h e   r h e n i u m   c o m p o u n d  

i s   t y p i c a l l y   an  a q u e o u s   one  c o n t a i n i n g   an  a m o u n t   o f  

r h e n i u m   c o m p o u n d   to  y i e l d   a  



c a t a l y s t   p r o d u c t   w i t h   t h e   r e q u i s i t e   a m o u n t   o f  

r h e n i u m .   The  r h e n i u m   compound   is   t y p i c a l l y   R e 2 0 7  b u t  
can   be  a  p e r r h e n a t e   of  ammonium  or  of  an  a l k a l i   m e t a l .  

By  h e a t i n g   u n d e r   r e d u c i n g   c o n d i t i o n s   i s  

m e a n t   h e a t i n g   in   a  r e d u c i n g   e n v i r o n m e n t ,   p r e f e r a b l y  

h y d r o g e n .   T y p i c a l l y ,   t h e   s a m p l e   has   b e e n   r e d u c e d   b y  
f i r s t   h e a t i n g   in   f l o w i n g   He  a t   150°C  f o r   a b o u t   o n e  

h o u r .   t h e n   h e a t i n g   a t   1500  in   f l o w i n g   He /H2   ( 5 0 : 5 0  

mole   r a t i o )   f o r   a b o u t   one  hour   and  f i n a l l y   h e a t i n g   a t  

150°  to   550°C  in   f l o w i n g   He/H2  ( 5 0 : 5 0   m o l e   r a t i o )   f o r  

up  to   a b o u t   3  h o u r s .  

When  a  G r o u p   I A  o r   Group  I IA  m e t a l   i s  

p r e s e n t   in  t h e   c a r b o n   s u p p o r t   d u r i n g   c a t a l y s t  

p r e p a r a t i o n ,   l a r g e   ( a b o u t   0 .2   um)  c r y s t a l l i t e s   of  t h e  

s a l t s   of  ReO4  a r e   p r e s e n t   in   t h e   c a t a l y s t   as  o b s e r v e d  

by  X - r a y   d i f f r a c t i o n   and  s c a n n i n g   t r a n s m i s s i o n  

e l e c t r o n   m i c r o s c o p y .   I f   t h i s   c a t a l y s t   i s   f u r t h e r  

e x p o s e d   to  r e d u c i n g   c o n d i t i o n s ,   e . g . ,   d u r i n g   t h e  

h y d r o g e n a t i o n   of  m a l e i c   a c i d ,   and  t h e n   r e e x a m i n e d ,   n o  

s a l t s   of  ReO4  or  any   p h a s e   c o n t a i n i n g   a  G r o u p   IA  o r  

Group   I IA  s a l t   can   be  d e t e c t e d .   H o w e v e r ,   t h e  

c a t a l y s t   i s   s t i l l   c o m p r i s e d   of  t h e   Pd  and   R e  

c r y s t a l l i t e s   d e s c r i b e d   h e r e i n .  

C a t a l y t i c   M e t h o d  

When  t h e   s t a r t i n g   r e a c t a n t   i s   a  n o r m a l   C4 
h y d r o c a r b o n ,   t h e   p r o c e s s   p r o c e e d s   w i t h o u t   t h e   n e e d  

f o r   e q u i p m e n t ,   e n e r g y   and  t i m e   u s u a l l y   r e q u i r e d   t o  

i s o l a t e   and  p u r i f y   t h e   m a l e i c   a n h y d r i d e   as   d e s c r i b e d  

in   p r i o r   a r t   h y d r o g e n a t i o n s .   A  t y p i c a l   m e t h o d   f o r  

c a r r y i n g   ou t   t h e   p r o c e s s   c o m p r i s e s   (a )   r e a c t i n g  

n - b u t a n e   or  b e n z e n e   in   an  o x y g e n - c o n t a i n i n g   gas  i n  

t h e   p r e s e n c e   of  a  v a n a d i u m / p h o s p h o r u s   m i x e d   o x i d e  

c a t a l y s t   to  o x i d i z e   in  t h e   v a p o r   p h a s e   t h e   n - b u t a n e  

to  m a l e i c   a n h y d r i d e ,   (b)  c o l l e c t i n g   t h e   m a l e i c  



a n h y d r i d e   by  a  w a t e r   q u e n c h   to   p r o d u c e   m a l e i c   a c i d   i n  

an  a q u e o u s   s o l u t i o n   a t   a  c o n c e n t r a t i o n   of  a b o u t   1 0  

w e i g h t   p e r c e n t .   and  (c )   r e a c t i n g   t h e   s o l u t i o n  

o b t a i n e d   in   (b)   w i t h   h y d r o g e n   in   t h e   p r e s e n c e   of  t h e  

P d / R e / C   h y d r o g e n a t i o n   c a t a l y s t .  

P r e f e r a b l y ,   o x i d a t i o n   s t e p   ( a )   i s   o p e r a t e d  

a t   a  t e m p e r a t u r e   of  a b o u t   300°  t o   6 0 0 ° C   and  a  

p r e s s u r e   of  a b o u t   0 . 5   to   20  a t m o s p h e r e s   (50  to  2 0 0 0  

kPa )   and  h y d r o g e n a t i o n   s t e p   (c )   i s   r u n   a t  a  

t e m p e r a t u r e   of  a b o u t   150°C  to   2 7 5 ° C ,   a n d  a   h y d r o g e n  

p r e s s u r e   of  a b o u t   300  p s i g   (2  MPa)  t o   5000  p s i g  

(35  M P a ) .  

The  l i q u i d   p h a s e   h y d r o g e n a t i o n   of  t h i s  

i n v e n t i o n   can   be  r u n   u s i n g  c o n v e n t i o n a l   a p p a r a t u s   a n d  

t e c h n i q u e s   in   a  s t i r r e d - t a n k   r e a c t o r   or   i n   a  

f i x e d - b e d   r e a c t o r .   H y d r o g e n   i s   f e d   c o n t i n u o u s l y .  

g e n e r a l l y   i n   c o n s i d e r a b l e   s t o i c h i o m e t r i c   e x c e s s   w i t h  

no  i n e r t   d i l u e n t   g a s e s .   U n r e a c t e d   h y d r o g e n   can  b e  

r e t u r n e d   to   t h e   r e a c t o r   as  a  r e c y c l e   s t r e a m .   T h e  

p r e c u r s o r   s o l u t i o n ,   e . g . .   m a l e i c   a c i d   s o l u t i o n ,   i s  

f e d   c o n t i n o u s l y   a t   c o n c e n t r a t i o n s   r a n g i n g   f r o m   d i l u t e  

s o l u t i o n s   to   n e a r   t h e   maximum  s o l u b i l i t y   l e v e l .  

t y p i c a l l y   a b o u t   30  to   40  w e i g h t   p e r c e n t .   T h e  

c a t a l y s t   c a r b o n   s u p p o r t   i s   a b o u t   200  m e s h   p a r t i c l e  

s i z e   f o r   u s e   in   t h e   s t i r r e d - t a n k   r e a c t o r   or  of  l a r g e r  

s u p p o r t   g r a n u l e s   ¼ "   ( 0 . 6 4   cm)  t h r o u g h   60  mesh  f o r  

u s e   in   t h e   f i x e d - b e d   r e a c t o r .   The  a m o u n t   of  c a t a l y s t  

r e q u i r e d   w i l l   v a r y   w i d e l y   and  i s   d e p e n d e n t   u p o n  a  

number   of  f a c t o r s   s u c h   as  r e a c t o r   s i z e   and  d e s i g n .  

c o n t a c t   t i m e   and  t h e   l i k e .   For   e x a m p l e ,   f o r   a  

60  c c - v o l u m e   r e a c t o r ,   25  g  of  t h e   p r e f e r r e d   c a t a l y s t ,  

3%  Pd/3%  Re/C  i s   u s e d .  

The  f o l l o w i n g   E x a m p l e s   i l l u s t r a t e   t h e  

i n v e n t i o n .   T e m p e r a t u r e s   a r e   i n   d e g r e e s   C e l s i u s  

u n l e s s   o t h e r w i s e   s t a t e d .   U n l e s s   s t a t e d   to   t h e  



c o n t r a r y ,   a l l   t h e   h y d r o g e n a t i o n   e x p e r i m e n t s   w e r e   r u n  

in  a  r e a c t o r   h a v i n g   a  0 . 5 "   ( 1 . 2 7   cm)  d i a m e t e r   and  a  

l e n g t h   of  30"  (76  cm).   The  r e a c t o r   was  c o n s t r u c t e d  

f r o m   BWG  20,  ½ "   H a s t e l l o y   C  t u b i n g ,   w a l l   t h i c k n e s s  

=  0 . 0 3 5 "   ( 0 . 0 9   cm).   I . D .  =   0 . 4 3 0 "   ( 1 . 1   cm).   T h e  

r e a c t o r   v o l u m e   was  c a l c u l a t e d   b a s e d   on  t h e   c a t a l y s t  

p a c k e d   v o l u m e .   For   a l l   t h e   E x a m p l e s ,   t h e   p a c k e d   b e d  

l e n g t h   w a s  25"  (63  cm) .   Void   v o l u m e   was  f i l l e d   w i t h  

i n e r t   s i l i c o n   c a r b i d e .   The  r e s u l t a n t   c a t a l y s t  

r e a c t i o n   v o l u m e   was  c a l c u l a t e d   to   be  5 9 . 4 9   cc  w h i c h  

is   t h e   v a l u e   u s e d   f o r   d e t e r m i n i n g   t h e   s u p e r f i c i a l  

r e a c t i o n   r e s i d e n c e   t i m e .   i . e . ,   c o n t a c t   t i m e .  

The  r e a c t o r   was  o p e r a t e d   in   a  c o - c u r r e n t .  

u p f l o w   mode .   L i q u i d   m a l e i c   a c i d .   or  any   of  t h e   o t h e r  

p r e c u r s o r   f e e d s ,   and  h y d r o g e n   w e r e   m e t e r e d   s e p a r a t e l y  

and  t h e n   i n t r o d u c e d   i n t o   a  m i x i n g   t e e   a t   t h e   b a s e   o f  

t h e   r e a c t o r .   I n t i m a t e   m i x i n g ,   as   w e l l   as  p r e h e a t i n g .  

was  a c c o m p l i s h e d   in   t h e   i n e r t ,   p a c k e d   bed  s e c t i o n .  

P r o d u c t s ,   as  w e l l   as  e x c e s s   h y d r o g e n ,   d i s c h a r g e d  

t h r o u g h   a  v a l v e   in   w h i c h   t h e   p r e s s u r e   was  l e t   down  t o  

a t m o s p h e r i c   p r e s s u r e   f r o m   t h e   r e a c t i o n   p r e s s u r e .   T h e  

l i q u i d   c o l l e c t e d   was  t h e   b u l k   of  p r o d u c t   c o n t a i n i n g  

t e t r a h y d r o f u r a n   (THF)  and  1 , 4 - b u t a n e d i o l   (BDO)  w i t h  

m i n o r   a m o u n t s   of  b y - p r o d u c t .   The  r e a c t i o n   v a p o r  

s t r e a m   was  p a s s e d   t h r o u g h   a  s e r i e s   of  v a p o r / l i q u i d  

d i s e n g a g e m e n t   v e s s e l s :   t h e   f i r s t   was  a t   r o o m  

t e m p e r a t u r e ,   f o l l o w e d   by  a  w a t e r / i c e   t r a p .   f o l l o w e d  

by  two  ( i n   s e r i e s )   d r y   i c e / a c e t o n e   t r a p s .   T h e  

p r o d u c t   c o l l e c t e d   was  p r i m a r i l y   THF  w i t h   m i n o r  

a m o u n t s   of  m o n o - a l c o h o l s   and  b u t y r o l a c t o n e .   T h e s e  

t r a p s   w e r e   e m p l o y e d   b e c a u s e   of  t h e   d i f f i c u l t y   o f  

s m a l l   s c a l e   l i q u i d / v a p o r   d i s e n g a g e m e n t .  

U n l e s s   o t h e r w i s e   s t a t e d ,   t h e   m a l e i c   a c i d  

f e e d   was  p r e p a r e d   by  a d d i n g   500  g  of  c e r t i f i e d   g r a d e  

m a l e i c   a n h y d r i d e   ( F i s h e r   S c i e n t i f i c   C o . )   to   1190  g  o f  



d i s t i l l e d   w a t e r .   The  h y d r o g e n   was  f r o m   99%+  p u r i t y  

h y d r o g e n   c y l i n d e r s   and  was  c o m p r e s s e d   t o  a   r e a c t i o n  

p r e s s u r e   of  a b o u t   2500   p s i g   (17  M P a ) .   The  h y d r o g e n  

f e e d   r a t e   was  1000   c c / m i n   (STP)   w h i c h   i s   e q u i v a l e n t  

to   a  h y d r o g e n   s p a c e t i m e   of  6  m i n u t e s   a t   r e a c t i o n  

c o n d i t i o n s ,   i . e . ,   2500   p s i g   (17  MPa)  and  2 0 0 ° C .  

U n l e s s   o t h e r w i s e   s t a t e d ,   t h e   h y d r o g e n   s p a c e t i m e   was  6 

m i n u t e s .   The  c a t a l y s t   was  p a r t i c u l a t e   and   l e s s   t h a n  

20  mesh   i n   s i z e .   The  u n i t   i n   w h i c h   t h e   " S p a c e   T i m e  

Y i e l d "   i s   e x p r e s s e d   in   a l l   T a b l e   h e a d i n g s   a n d  

E x a m p l e s   i s   g  P r o d u c t  
kg  C a t - h r .  

EXAMPLE  1 

A  3  w e i g h t   p e r c e n t   P d / 3   w e i g h t   p e r c e n t  

R e / c a r b o n - s u p p o r t e d   c a t a l y s t   (3%  Pd /3%  R e / C )   w a s  

p r e p a r e d   in   t h e   f o l l o w i n g   m a n n e r .   C a l g o n   PCB 12  x  3 0  

c a r b o n   was  c a l c i n e d   a t   200°  f o r   two  h o u r s .   t h e n   a t  

400°   f o r   two  h o u r s .   T h i s   t r e a t e d   c a r b o n   had  a  

s u r f a c e   a r e a   of  1000   to   1300  m2 /g   w i t h   p o r e   v o l u m e   o f  

0 . 6   c c / g .   A  s e q u e n t i a l   d e p o s i t i o n   of  Pd  and  Re  o n t o  

t h e   t r e a t e d   c a r b o n   was  made  as  f o l l o w s :   50  g  o f  

t r e a t e d   c a r b o n   was  a d d e d   to   a  s o l u t i o n   of  2 .5   g  o f  

P d C l 2   in   10  ml  of  c o n c e n t r a t e d   HCl  and  80  ml  o f  

d i s t i l l e d   w a t e r .   A f t e r   t h r e e   h o u r s   a t   r o o m  

t e m p e r a t u r e   w i t h   o c c a s i o n a l   s t i r r i n g ,   t h e   s l u r r y   w a s  

d r i e d   f o r   e i g h t e e n   h o u r s   a t   1 1 0 ° .  

The  s a m p l e   was  r e d u c e d   by  b e i n g   f i r s t   h e a t e d  

to   150°  in  f l o w i n g   He  ( 1 0 0 0   c c / m i n )   f o r   one  h o u r .  

t h e n   h e a t e d   a t   150°  in   f l o w i n g   H e / H 2   ( 5 0 : 5 0   m o l  

r a t i o .   1000  c c / m i n )   f o r   one  h o u r ,   and  f i n a l l y   h e a t e d  

a t   300°  in   f l o w i n g   He/H2  ( 5 0 : 5 0   mol  r a t i o ,   1 0 0 0  

c c / m i n )   f o r   3  h o u r s .   The  s a m p l e   was  c o o l e d   r a p i d l y  

to  50°  in   t h e   He/H2  a t m o s p h e r e .   N i t r o g e n   w a s  

i n t r o d u c e d   w h i l e   t h e   s a m p l e   c o o l e d   to   a m b i e n t  

t e m p e r a t u r e .   A f t e r   t h i r t y   m i n u t e s   in   f l o w i n g   N 2 .  



t h e   s a m p l e   was  p a s s i v a t e d   at   room  t e m p e r a t u r e   b y  

i n t r o d u c t i o n   of  f l o w i n g   1 :99   (mol  r a t i o )   Oa/N2  f o r  

two  h o u r s .  

N e x t .  5   g  of  Re207  was  a d d e d   to   50  ml  o f  

d i s t i l l e d   w a t e r   and  t h e n   19 .7   ml  of  t h i s   s o l u t i o n   a n d  

70  ml  of  d i s t i l l e d   w a t e r   were   d e l i v e r e d   to   a  1000  m l  

f l a s k   a l o n g   w i t h   50  g  of  t h e   Pd /C  c a t a l y s t .   A f t e r  

t h r e e   h o u r s   a t   room  t e m p e r a t u r e   w i t h   o c c a s i o n a l  

s t i r r i n g ,   t h e   s l u r r y   was  d r i e d ,   r e d u c e d ,   a n d  

p a s s i v a t e d   in   t h e   m a n n e r   d e s c r i b e d   f o r   t h e   P d / C  

c a t a l y s t .   The  r e s u l t a n t   m a t e r i a l   was  t h e   3%  P d / 3 %  

Re/C  c a t a l y s t .  

The  P d / R e / C   c a t a l y s t   p r e p a r e d   in   t h i s  

E x a m p l e   was  e x a m i n e d   by  X - r a y   d i f f r a c t i o n ,   s c a n n i n g  

t r a n s m i s s i o n   e l e c t r o n   m i c r o s c o p y ,   and  H 2 / 0 2   t i t r a t i o n  

and  f o u n d   to   h a v e   p a l l a d i u m   c r y s t a l l i t e s   o f  

a v e r a g e   s i z e   of  a b o u t   1 5 0  A   to  2 0 0  Å   (15  to   20  n m ) .  

The  p a r t i c l e s   of  r h e n i u m   were   b e l o w   t h e   s i z e   a t   w h i c h  

t h e y   c o u l d   be  d e t e c t e d   by  X - r a y   d i f f r a c t i o n   or  b y  

s c a n n i n g   t r a n s m i s s i o n   e l e c t r o n   m i c r o s c o p y .   I t   i s  

e s t i m a t e d ,   t h e r e f o r e ,   t h a t   r h e n i u m   p a r t i c l e s   s i z e s  

w e r e   b e l o w   a b o u t   2 5  Å   ( 2 . 5   n m ) .  

By  t h e   d e s c r i b e d   m i c r o s c o p y   a n d  

c r y s t a l l o g r a p h y   t e c h n i q u e s .   KReo4  c r y s t a l l i t e s   w i t h  

an  a v e r a g e   s i z e   of  a b o u t   0 .2   µm  w e r e   d e t e c t e d .  

M i c r o s c o p y   o b s e r v a t i o n s   showed  t h a t   t h e   h i g h l y  

d i s p e r s e d   r h e n i u m   p h a s e   of  s m a l l   c r y s t a l l i t e s  

d i s c u s s e d   a b o v e   i s   in   c o n t a c t   w i t h   some  p a l l a d i u m  

c r y s t a l l i t e s .   The  c a r b o n   s u p p o r t   u s e d   in   t h e  

p r e p a r a t i o n   of  t h i s   c a t a l y s t   c o n t a i n e d   0 . 3 6   m o l e  

p e r c e n t   of  K.  

EXAMPLES  2  TO  14  

The  3%  Pd/3%  Re/C  c a t a l y s t   p r e p a r e d   a s  

d e s c r i b e d   in  E x a m p l e   1  was  c h a r g e d   to   a  0 . 5 "   d i a m e t e r  



r e a c t o r .   The  m a l e i c   a c i d   f e e d   r a t e   was  a d j u s t e d   t o  

g i v e   c o n t a c t   t i m e s   of  f rom  a b o u t   0 . 9   h o u r s   t o   5 . 5  

h o u r s   ( f o r   e x a m p l e ,   a  m a l e i c   a c i d   f e e d   z a t e   of  o . 5  

c c / m i n   g i v e s   a  r e a c t i o n   or  c o n t a c t   t i m e   of   2 . 0   h o u r s )  

and  t h e   h y d r o g e n   f l o w   r a t e   a d j u s t e d   to   g i v e   a  

h y d r o g e n   s p a c e t i m e   of  e i t h e r   3  or  6  m i n u t e s .   T h e  

h y d r o g e n a t i o n   r e a c t i o n   was  c a r r i e d   o u t   a t   r e a c t i o n  

t e m p e r a t u r e s   of  1 7 5 ° ,   1 8 0 ° ,   1 9 0 ° ,   2 0 0 ° ,   2 1 5 ° ,   a n d  

2 2 5 ° .   The  r e a c t i o n   p r o d u c t   was  s a m p l e d  

c o n t i n u o u s l y .   The  d i s t r i b u t i o n   of  p r o d u c t   THF  a n d  

BDO  and  b y - p r o d u c t   m o n o - a l c o h o l s   s u c h   as   b u t a n o l .  

p r o p a n o l ,   e t c . .   and   t h e   i n t e r m e d i a t e   γ - b u t y r o l a c t o n e  

in   m o l  p e r c e n t   b a s e d   on  c a r b o n   s p e c i e s   a r e   shown  i n  

T a b l e   1  f o r   t h e   v a r i o u s   r e a c t i o n   c o n d i t i o n s .   T h e s e  

a r e   a v e r a g e s  o f   s e v e r a l   m e a s u r e m e n t s   t a k e n   a f t e r  

s t e a d y - s t a t e   c o n d i t i o n s   w e r e   r e a c h e d .  

No  d e t e c t a b l e   a m o u n t   of  m a l e i c   a c i d   w a s  

f o u n d   i n d i c a t i n g   t h a t   s u b s t a n t i a l l y   a l l   w a s  

c o n v e r t e d .   T h e r e f o r e ,   t h e   mol  p e r c e n t a g e   shown  i s  

t h e   s e l e c t i v i t y   as   w e l l   as  t h e   y i e l d   of  t h e  

p a r t i c u l a r   c o m p o n e n t .   A l so   shown  i s   t h e   s p a c e - t i m e  

y i e l d .   S p a c e   t i m e   y i e l d   i s   t h a t   q u a n t i t y   of  p r o d u c t  

o b t a i n e d   pe r   u n i t   t i m e   p e r   u n i t   w e i g h t   of   m e t a l  

c a t a l y s t   c h a r g e d .   The  r e s u l t s   show  t h a t   t h e r e   i s  

h i g h   s e l e c t i v i t y   to   and  y i e l d   of  THF/BDO  and  t h a t   t h e  

THF/BDO  p r o d u c t   r a t i o   i n c r e a s e s   as  t h e   t e m p e r a t u r e  

i n c r e a s e s ,   as  t h e   c o n t a c t   t i m e   i n c r e a s e s   a n d / o r   a s  

t h e   h y d r o g e n   s p a c e   t i m e   i n c r e a s e s   and  t h a t   t h e  

p r o d u c t   r a t i o  c a n   be  a d j u s t e d   o v e r   a  r a n g e   f r o m  

s u b s t a n t i a l l y   o n l y   BDO  to  s u b s t a n t i a l l y   o n l y   THF.  



EXAMPLES  15  TO  18  

A  1%  Pd/3%  Re/C  c a t a l y s t   was  p r e p a r e d   u s i n g  

t h e   m e t h o d   d e s c r i b e d   in   E x a m p l e   1  e x c e p t   t h a t   t h e  

a m o u n t   of  PdCl2   was  1 /3   of  t h a t   n o t e d   and  t he   h i g h e s t  

t e m p e r a t u r e   of  t h e   r e d u c t i o n   f o l l o w i n g   Pd  d e p o s i t i o n  

was  350°  and  t h e   h i g h e s t   t e m p e r a t u r e   of  t h e   r e d u c t i o n  

f o l l o w i n g   Re  d e p o s i t i o n   was  1 5 0 ° .  

H y d r o g e n a t i o n   was  c a r r i e d   o u t   as  d e s c r i b e d  

in  E x a m p l e s   2  to  14  w i t h   a  r e a c t i o n   t e m p e r a t u r e   o f  



1 8 0 ° .   The  m a l e i c   a c i d   f l o w   r a t e   was  a d j u s t e d   so  t h a t  

t h e   c o n t a c t   t i m e   v a r i e d   f r o m   2 .1   to   3 .5   h o u r s .   T h e  

r e s u l t s  g i v e n   in   T a b l e   2  show  t h a t   t h e   THF/BDO 

p r o d u c t   r a t i o   i n c r e a s e d   as   c o n t a c t   t i m e   i n c r e a s e d .  

EXAMPLES  19  to   2 4  

A  3%  Pd/1%  Re /C   c a t a l y s t   was  p r e p a r e d   by  t h e  

m e t h o d   d e s c r i b e d   in   E x a m p l e   1  e x c e p t   t h a t   t h e   a m o u n t  

of  Re207  was  1/3  of  t h a t   n o t e d   in   E x a m p l e   1 .  

H y d r o g e n a t i o n   was  c a r r i e d   ou t   as  in   E x a m p l e s   2  to   14  

w i t h   v a r i o u s   r e a c t i o n   t e m p e r a t u r e s   and  r e a c t i o n  

c o n t a c t   t i m e s .   The  r e s u l t s   g i v e n   in   T a b l e   3  s h o w  

t h a t   i n c r e a s e d   r e a c t i o n   t e m p e r a t u r e   a n d / o r   i n c r e a s e d  

r e a c t i o n   c o n t a c t   t i m e s   r e s u l t   in   h i g h e r   THF/BDO.  No 

m e a s u r a b l e   a m o u n t   of  m a l e i c   a c i d   was  f o u n d ,  

i n d i c a t i n g   e s s e n t i a l l y   c o m p l e t e   c o n v e r s i o n .  



EXAMPLE  2 5  

A  10%  Pd/3%  Re/C  c a t a l y s t   was  p r e p a r e d   b y  

t h e   m e t h o d   d e s c r i b e d   in   E x a m p l e   1  e x c e p t   t h e   a m o u n t  

of  P d C l 2   was  1 0 / 3   of  t h a t   n o t e d   in   E x a m p l e   1 .  

D i m e t h y l   s u c c i n a t e   ( 5 3 . 7 6   g)  and  6 . 0   g  of  w a t e r   w e r e  

p l a c e d   in   a  p r e s s u r e   v e s s e l   and  c o n t a c t e d   w i t h   30  g  

of  t h e   10%  Pd/3%  Re/C  c a t a l y s t   a t   a  h y d r o g e n   p r e s s u r e  

of  2500   p s i g   and  a  t e m p e r a t u r e   of  285°   f o r   2  h o u r s .  

The  r e a c t i o n   p r o d u c t   b a s e d   on  t h e   c a r b o n   s p e c i e s  

s h o w e d   6 2 . 2   mol  p e r c e n t   of  THF.  1 8 . 6   mol  p e r c e n t   o f  

b u t a n o l .   4 . 7   mol  p e r c e n t   of  p r o p a n o l   and  1 4 . 5   m o l  

p e r c e n t   of  y - b u t y r o l a c t o n e .  

EXAMPLES  26  AND  2 7  

A  3%  Pd/3%  Re/C  c a t a l y s t   was  p r e p a r e d   by  t h e  

m e t h o d   d e s c r i b e d   in   E x a m p l e   1  e x c e p t   t h a t   t h e   h i g h e s t  

t e m p e r a t u r e   of  b o t h   r e d u c t i o n   s t e p s   was  200°  i n s t e a d  

of  3 0 0 ° .   H y d r o g e n a t i o n   was  c a r r i e d   o u t   as  d e s c r i b e d  

in  E x a m p l e s  2   to  14  bu t   w i t h   t h e   r e a c t i o n   c o n d i t i o n s  

g i v e n   in   T a b l e   4.  The  r e s u l t s   show  t h a t   l o n g e r  

c o n t a c t   t i m e   r e s u l t s   in   h i g h e r   THF  to  BDO  r a t i o s .  



EXAMPLES  28  TO  3 2  

A  3%  Pd/3%  Re /C   c a t a l y s t   was  p r e p a r e d   by  t h e  

m e t h o d   d e s c r i b e d   in   E x a m p l e   1  e x c e p t   t h a t   t h e  

r e a c t i o n   s t e p   a f t e r   t h e   p a l l a d i u m   c o m p o u n d   d e p o s i t i o n  

was  c a r r i e d   o u t   a t   a  h i g h e s t   t e m p e r a t u r e   of  5 0 0 °  

i n s t e a d   of  3 0 0 ° .   H y d r o g e n a t i o n   was  c a r r i e d   o u t   as  i n  

E x a m p l e s   2  to   14  b u t   w i t h   t h e   r e a c t i o n   c o n d i t i o n s  

g i v e n   in   T a b l e   5.  The  r e s u l t s   d e m o n s t r a t e   t h e  

a d v a n t a g e s   of  t h e   c a t a l y s t   of  t h i s   i n v e n t i o n .  



EXAMPLE  33 

A  6%  Pd/3%  Re/C  c a t a l y s t   was  p r e p a r e d   by  t h e  

m e t h o d   d e s c r i b e d   in   E x a m p l e   1  e x c e p t   t h a t   t h e  a m o u n t  

of  P d C l 2   u s e d   was  t w i c e   t h a t   n o t e d   in   E x a m p l e   1 .  

H y d r o g e n a t i o n   was  c a r r i e d   ou t   as  d e s c r i b e d   i n  

E x a m p l e s   2  to  14.   At  a  r e a c t i o n   t e m p e r a t u r e   of  1 8 0 °  

and  a  c o n t a c t   t i m e   of  2 . 1   h o u r s ,   t h e  

p r o d u c t / / b y - p r o d u c t   d i s t r i b u t i o n   in   mol  p e r c e n t   w a s  

T H F - 6 7 / B D O - 1 9 / / m o n o a l c o h o l s - B /   y - b u t y r o l a c t o n e -  

5 / s u c c i n i c   a c i d - 1   and  t h e   s p a c e t i m e   y i e l d   was  2 3 9 .  

EXAMPLE  34  

A  6%  Pd/6%  Re /C  c a t a l y s t   was  p r e p a r e d   by  t h e  

m e t h o d  d e s c r i b e d   in  E x a m p l e   1  e x c e p t   t h a t   t h e   a m o u n t  

of  P a C l 2   u s e d   was  t w i c e   t h a t   n o t e d   in   E x a m p l e   1  a n d  

t h e   a m o u n t   of  Re207  u s e d   was  a l s o   t w i c e   as  m u c h .  

H y d r o g e n a t i o n   was  c a r r i e d   o u t   as  in   E x a m p l e s   2  t o  

14.   At  a  r e a c t i o n   t e m p e r a t u r e   of  180°   and  a  c o n t a c t  

t i m e   of  2 . 0   h o u r s ,   t h e   p r o d u c t / / b y - p r o d u c t  

d i s t r i b u t i o n   in  mol  p e r c e n t   w a s  

T H F - 4 0 / B D O - 5 0 / / m o n o a l c o h o l s - 9 /   y - b u t y r o l a c t o n e - 1   a n d  

t h e   s p a c e t i m e   y i e l d   was  3 0 0 .  

EXAMPLE  35 

The  c a t a l y s t   of  E x a m p l e   1  was  u s e d   in  a  

h y d r o g e n a t i o n   d e m o n s t r a t i o n   i d e n t i c a l   to   t h a t   o f  

E x a m p l e s   2  to   14  e x c e p t   t h a t   t h e   f e e d   was  f u m a r i c  

a c i d   in   a q u e o u s   s o l u t i o n   a t   a  c o n c e n t r a t i o n   of  9 

w e i g h t   p e r c e n t .   The  r e a c t i o n   t e m p e r a t u r e   was  1 8 0 °  

and  t h e   r e a c t i o n   t i m e   2 . 0   h o u r s .   T h e  

T H F / B D O / / m o n o a l c o h o l / B t y l   d i s t r i b u t i o n   in   mol  p e r c e n t  

was  1 9 / 7 1 / / 8 / 2 .   The  s p a c e t i m e   y i e l d   was  7 2 .  

EXAMPLE  36  

A  c o n t i n u o u s   p r o c e s s   f o r   p r o d u c i n g   THF/BDO 

f r o m   n - b u t a n e   v i a   an  u n i s o l a t e d   m a l e i c   a c i d  

i n t e r m e d i a t e   is   as  f o l l o w s .   P r e - a c t i v a t e d   V / P / O x :   3 

a t o m   p e r c e n t   in  a b o u t  2   w e i g h t   p e r c e n t   S i O 2  



c a t a l y s t   in  t h e   f o r m   of  1 / 8 "   d i a m e t e r   p e l l e t s   a n d  

w e i g h i n g   a b o u t   70  g  was  c h a r g e d   i n t o   a  v e r t i c a l   1 "  

d i a m e t e r .   12"  h i g h .   no .   316  s t a i n l e s s   s t e e l   f i x e d - b e d  

r e a c t o r   w h i c h   was  h e a t e d   in   a  f l u i d i z e d   s a n d   b a t h   t o  

a c h i e v e   t e m p e r a t u r e   c o n t r o l .   T h i s   r e a c t o r   w a s  

c o n n e c t e d   so  as  to   a l l o w   o n - l i n e   t r a n s p o r t   of  (1)  t h e  

f e e d   s t r e a m   c o m p r i s i n g   a b o u t   1 .5   p e r c e n t   of  n - b u t a n e  

in   a i r   f rom  a  f e e d   m a n i f o l d   t h r o u g h   a  p r e h e a t e r   c o i l  

c o n t a i n e d   in   t h e   s a n d   b a t h   and  t h e n   i n t o   t h e   b o t t o m  

of  t h e   r e a c t o r   i n   o r d e r   to   c o n t a c t   t h e   c a t a l y s t   b e d ,  

and  (2)  t h e   p r o d u c t   s t r e a m   t h r o u g h   an  e x i t i n g   l i n e  

h e a t e d   a t   a  t e m p e r a t u r e   s o m e w h a t   o v e r   200°   ( t o   a v o i d  

d e p o s i t i o n   of  m a l e i c   a n h y d r i d e )   and  t h e n   to   a  

s p l i t t e r   t h a t   p a s s e d   a b o u t   80  p e r c e n t   of  t h e   e f f l u e n t  

g a s e s   t h r o u g h   w a t e r   to   a b s o r b   ou t   m a l e i c   a n h y d r i d e  

f o r   s u b s e q u e n t   h y d r o g e n a t i o n .  

The  r e m a i n i n g   p o r t i o n   of  t h e   p r o d u c t   s t r e a m  

was  t r a n s p o r t e d   t h r o u g h   a  h e a t e d   l i n e   to   d u a l   g a s  

c h r o m a t o g r a p h i c   (GC)  f a c i l i t i e s   f o r   p r o d u c t  

a n a l y s e s .   I n s e r t i o n   of  a  h e a t e d   b a c k - p r e s s u r e   v a l v e  

in   t h e   e x i t   l i n e   a h e a d   of  t h e   GC  t r a i n   a l l o w e d  

o p e r a t i o n   of  t h i s   s y s t e m   f rom  a t m o s p h e r i c   p r e s s u r e  

(100   kPa)  to   a  maximum  of  a b o u t   125  p s i a   (870  k P a ) .  

O p e r a t i n g   t e m p e r a t u r e s   w e r e   i n   t h e   r a n g e   of  380°  t o  

450°  and  c o n t a c t   t i m e s ,   as  e x p r e s s e d   a t   s t a n d a r d  

t e m p e r a t u r e   and  p r e s s u r e ,   in   t h e   r a n g e   of  1  to  7  

s e c o n d s .   The  a n a l y t i c a l   t r a i n   a l l o w e d   d e t e r m i n a t i o n  

of  N2,  O2,  CO,  C O 2 ,  H 2 O ,   n - b u t a n e ,   m a l e i c   a n h y d r i d e .  

e t h y l e n e .   f u r a n ,   m e t h y l   e t h y l   k e t o n e .   a c e t i c   a c i d .  

and  a c r y l i c   a c i d .   The  m a l e i c   a c i d   s o l u t i o n   w a s  

c o l o r l e s s .  

H y d r o g e n a t i o n   of  t h e   c r u d e   m a l e i c   a c i d  

i n t e r m e d i a t e   was  c a r r i e d   out   as  d e s c r i b e d   in  E x a m p l e  

2  to  14  u s i n g   t h e   3%  Pd/3%  Re/C  c a t a l y s t   of  E x a m p l e  

1.  The  m a l e i c   a c i d   c o n c e n t r a t i o n   was  33  w e i g h t  



p e r c e n t   and  t h e   m a l e i c   a c i d   f e e d   r a t e   was  0 .5   c c / m i n  

c o r r e s p o n d i n g   to   a  c o n t a c t   t i m e   of  2  h o u r s .   T h e  

r e a c t i o n   t e m p e r a t u r e   was  2 0 0 ° .   T h e  

p r o d u c t / / b y - p r o d u c t   ( T H F / B D O / / m o n o a l c o h o l )  

d i s t r i b u t i o n   in   mole   p e r c e n t   was  3 0 / 5 8 / / 1 2 .   T h e  

s p a c e t i m e   y i e l d   was  2 8 0 .  

EXAMPLE  37  AND  COMPARISONS  A  AND  B 

T h i s   E x a m p l e   and  the   C o m p a r i s o n s   w e r e  

c a r r i e d   ou t   to   d e m o n s t r a t e   t h e   a c t i v i t y   of  a  c a t a l y s t  

of  t h i s   i n v e n t i o n   ( E x a m p l e   37)  v e r s u s   t h e   l e s s e r  

a c t i v i t i e s   of  two  c a t a l y s t s   no t   of  t h i s   i n v e n t i o n  

( E x a m p l e s   A  and  B) .   In  t h e   E x a m p l e   and  t h e  

C o m p a r i s o n s ,   t h e   c a t a l y s t   c o m p r i s e d   3  w e i g h t   p e r c e n t  

of  Pd  and  3  w e i g h t   p e r c e n t   of  Re  s u p p o r t e d   o n  

c a r b o n .   The  c a t a l y s t   of  t h i s   i n v e n t i o n   was  p r e p a r e d  

as  d e s c r i b e d   in   E x a m p l e   1 .  

The  c a t a l y s t   of  C o m p a r i s o n   A  was  p r e p a r e d   a s  

f o l l o w s :   100  g  of  a c t i v a t e d   c a r b o n   was  c a l c i n e d   in   a n  
a i r   a t m o s p h e r e ,   f i r s t   a t   200°  f o r   two  h o u r s ,   t h e n   a t  

400°   f o r   two  h o u r s .   The  c a r b o n   was  c o o l e d ,   t h e n  

s i e v e d   r e s u l t i n g   in   5 4 . 0   g  of  c a l c i n e d   c a r b o n .   2 0  

m e s h .   A  0 . 0 7 6   g  R e / m l   s o l u t i o n   was  p r e p a r e d   by  t h e  

a d d i t i o n   of  5 . 0   g  of  R e 2 0 7  t o   50  ml  of  d i s t i l l e d  

w a t e r .   T h e n .   1 9 . 7   ml  of  t h e   s o l u t i o n .   10  ml  o f  

c o n c e n t r a t e d   HC1,  50  ml  of  d i s t i l l e d   w a t e r ,   2 .5   g  o f  

P d C l 2 ,   and  50  g  of  t h e   c a l c i n e d   c a r b o n   w e r e   added   t o  

a  1000  ml  f l a s k .   A f t e r   t h r e e   h o u r s   w i t h   o c c a s i o n a l  

s t i r r i n g ,   t h e   s l u r r y   was  d r i e d   a t   110°  f o r   e i g h t e e n  

h o u r s .   The  P d / R e / C   c a t a l y s t   was  t h e n   r e d u c e d   by  t h e  

f o l l o w i n g   p r o c e d u r e :   h e a t e d   a t   150°  in   n i t r o g e n   f o r  

one  h o u r ,   t h e n   a t   150°  in   50%/50%  N2/H2  f o r   one  h o u r .  

t h e n   a t   300°  in   50%/50%  N2H2  f o r   t h r e e   h o u r s .   A f t e r  

c o o l i n g ,   t h e   c a t a l y s t   was  p a s s i v a t e d   in   1%  0 2 / N 2  
a t m o s p h e r e   f o r   t h r e e   h o u r s .  



The  c a t a l y s t   of  C o m p a r i s o n   B  was  p r e p a r e d   a s  
f o l l o w s :   100  g  of  a c t i v a t e d   c a r b o n   was  c a l c i n e d   in   a n  
a i r   a t m o s p h e r e ,   f i r s t   a t   200°  f o r   two  h o u r s ,   t h e n   a t  

400°   f o r   two  h o u r s .   The  c a r b o n   was  c o o l e d ,   t h e n  

s i e v e d   r e s u l t i n g   i n   6 1 . 0   g  m e s h  o f   c a l c i n e d   c a r b o n .  

20  m e s h .   A  0 . 0 7 6   g  R e / m l   s o l u t i o n   was  p r e p a r e d   b y  

t h e   a d d i t i o n   of  5 . 0   g  of  Re207  to   50  ml  of  d i s t i l l e d  

w a t e r .   Then ,   1 9 . 7   ml  of  t h e   s o l u t i o n   was   a d d e d   to   a  

1000  ml  f l a s k   and  50  g  of  t h e   c a l c i n e d   c a r b o n   and  7 0  

ml  of  d i s t i l l e d   w a t e r   w e r e   a d d e d .   A f t e r   f o u r   h o u r s  

w i t h   o c c a s i o n a l   s t i r r i n g ,   t h e   s l u r r y   was  d r i e d  a t  

110°  f o r   e i g h t e e n   h o u r s .  

The  Re /C   m a t e r i a l   was  r e d u c e d - b y   t h e  

f o l l o w i n g   m e t h o d :   h e a t i n g   a t   150°   in   n i t r o g e n   f o r   o n e  

h o u r ,   t h e n   a t   150°   i n   50%/50%  N2/H2  f o r   one  h o u r ,  

t h e n   a t   300°  in   50%/50%  N 2 H 2  f o r   t h r e e   h o u r s .   T h e  

Re /C  m a t e r i a l   was  p a s s i v a t e d   in   1%  O 2 / N 2  f o r   t h r e e  

h o u r s .   N e x t .   2 . 5   g  of  P d C l 2 ,  7 0   ml  of  d i s t i l l e d  

w a t e r ,   and  10  ml  of  c o n c e n t r a t e d   HC1  was  c h a r g e d   i n t o  

a  1000  ml  f l a s k .   The  Re /C   m a t e r i a l   was  a d d e d   to  t h e  

s o l u t i o n   and  t h e   s l u r r y   was  l e f t   a t   a m b i e n t  

t e m p e r a t u r e   f o r   t h r e e   h o u r s .   The  s l u r r y   was  d r i e d  

f o r   e i g h t e e n   h o u r s   a t   1100  and  was  r e d u c e d   u n d e r   t h e  

f o l l o w i n g   c o n d i t i o n s :   h e a t i n g   a t   150°   i n   n i t r o g e n  

f o r   one  h o u r ,   t h e n   a t   150°  in   5 0 % / 5 0 %  N 2 / H 2   f o r   o n e  

h o u r ,   t h e n   a t   300°   in   50%/50%  N2/H2  f o r   t h r e e   h o u r s .  

A f t e r   c o o l i n g ,   t h e   c a t a l y s t   was  p a s s i v a t e d   in   1% 

O2/N2  f o r   t h r e e   h o u r s .  

The  h y d r o g e n a t i o n   was  c a r r i e d   o u t   a s  

f o l l o w s :   in  e a c h   c a s e ,   t h e   c a r b o n - s u p p o r t e d   c a t a l y s t  

c o n t a i n i n g   3%  Pd  and  3%  Re,  w e i g h i n g   18  g,  w a s  

c h a r g e d   i n t o   a  0 . 3 7   i n c h   d i a m e t e r ,   H a s t e l l o y   C,  h i g h  

p r e s s u r e   r e a c t i o n   t u b e   h a v i n g   a  l e n g t h   of  a b o u t   t w o  

f e e t .   The  r e a c t i o n   t u b e   was  h e a t e d   by  a  t h r e e - z o n e ,  



e l e c t r i c ,   v e r t i c a l   f u r n a c e .   A  n i t r o g e n   p u r g e   of  t h e  

r e a c t i o n   s y s t e m   was  c o m p l e t e d   and  t h e   r e a c t o r   w a s  

t h e n   p r e s s u r e d   to   2500   p s i g   w i t h   h y d r o g e n .   A  s t e a d y  

h y d r o g e n   f l o w   of  2  l / m i n .   S . T . P . ,   was  c o n t i n u e d   w h i l e  

t h e   r e a c t o r   was  s l o w l y   h e a t e d   to   t h e   t e m p e r a t u r e   a t  

w h i c h   t h e   r e a c t i o n   was  to   t a k e   p l a c e   and  h e l d   f o r   o n e  

h o u r   to  p r o v i d e   c a t a l y s t   c o n d i t i o n i n g .   W h e n  

c o n d i t i o n i n g   was  c o m p l e t e ,   a  35  w e i g h t   p e r c e n t   m a l e i c  

a c i d   s o l u t i o n   was  i n t r o d u c e d   a t   a  g i v e n   f l o w   r a t e .  

The  r e a c t a n t s   w e r e   f e d   c o - c u r r e n t ,   u p - f l o w .   R e a c t i o n  

p r o d u c t s   and  e x c e s s   h y d r o g e n   was  d i s c h a r g e d   t h r o u g h   a  

b a c k - p r e s s u r e   r e g u l a t i n g   v a l v e ,   w i t h   t h e   r e a c t i o n  

p r o d u c t   s a m p l e d   e v e r y   h a l f - h o u r .  

The  m i c r o s t r u c t u r e   of  t h e   c a t a l y s t   made  b y  

t h e   p r o c e s s   of  C o m p a r i s o n   A  w h e r e i n   Re  and  Pd  a r e  

c o d e p o s i t e d   c o m p r i s e d   Pd  c r y s t a l l i t e s   of  o n l y   a b o u t  

7  n m  i n   a v e r a g e   s i z e   and  a  h i g h l y   d i s p e r s e d   R e  

p h a s e .   A f t e r   u s e ,   Pd  c r y s t a l l i t e s  w e r e   l a r g e r   a n d  

d e t e c t e d   by  X - r a y   d i f f r a c t i o n   b u t   no  m e t a l l i c   Re  

c o u l d   be  d e t e c t e d .   The  m i c r o s t r u c t u r e   of  t h e  

c a t a l y s t   of  C o m p a r i s o n   B  w h e r e i n   Re  and  t h e n   Pd  w e r e  

d e p o s i t e d   s e q u e n t i a l l y   c o m p r i s e d   Pd  c r y s t a l l i t e s   o f  

o n l y   a b o u t   8  nm  in  a v e r a g e   s i z e   and  Re  in  l a r g e  

c r y s t a l l i t e s   of  a b o u t   50  nm  in  a v e r a g e   s i z e   b e f o r e  

u s e .   In  a d d i t i o n ,   c o n t a c t   b e t w e e n   Pd  and  Re  p h a s e s  

was  no t   e v i d e n t .   A f t e r   u s e ,   t h e   Pd  and  Re  p h a s e s  

we re   a m o r p h o u s   and  h e n c e   no t   d e t e c t e d   by  X - r a y  

d i f f r a c t i o n .  

The  r e a c t i o n   t e m p e r a t u r e s ,   c o n t a c t   t i m e s   a n d  

p r o d u c t / / b y - p r o d u c t / / f e e d   d i s t r i b u t i o n s   a r e   shown  i n  

T a b l e   6.  I t   w i l l   be  o b s e r v e d   t h a t   t h e   c a t a l y s t   o f  

t h i s   i n v e n t i o n   p r o v i d e s   c o m p l e t e   m a l e i c   a c i d  

c o n v e r s i o n   and  h i g h   s e l e c t i v i t y   to   THF/BDO,  w h i l e   t h e  

c a t a l y s t s   of  C o m p a r i s o n s   A  and  B  g i v e   i n c o m p l e t e  

c o n v e r s i o n s   and  p o o r   s e l e c t i v i t i e s .  



EXAMPLES  38  TO  4 7  

The  f o l l o w i n g   E x a m p l e s   w e r e   c a r r i e d   ou t   w i t h  

t h e   c a t a l y s t   of  E x a m p l e   1  to   d e m o n s t r a t e   u s e   o f  

d i f f e r e n t   f e e d   m a t e r i a l s ,   d i f f e r e n t   s t r e n g t h  

s o l u t i o n s ,   and  w a t e r   and  o r g a n i c   s o l v e n t s .   The  f e e d  

s o l u t i o n s ,   r e a c t i o n   c o n d i t i o n s   and  r e s u l t s   a r e   s h o w n  

in  T a b l e s   7  and  8.  The  h y d r o g e n   s p a c e t i m e   was  6 

m i n u t e s   in   a l l   c a s e s .  





COMPARISON C 

E x a m p l e   1  was  r e p e a t e d   e x c e p t   t h a t   t h e  

c a r b o n   s u p p o r t   was  l e a c h e d   w i t h   HC1  t o   l o w e r   t h e  

l e v e l   of  K  to   l e s s   t h a n   a b o u t   0 , 0 0 1   m o l e   p e r c e n t  

p r i o r   to   t h e   d e p o s i t i o n   of  t h e   Pd  and  Re.  T h e  

c a t a l y s t   m i c r o s t r u c t u r e   was  a l t e r e d   i n   t h a t   t h e   P d  

c r y s t a l l i t e   s i z e ,   as   d e t e r m i n e d   by  H2 /O2   t i t r a t i o n .  

was  o n l y   a b o u t   5  nm.  H y d r o g e n a t i o n   by  t h e   g e n e r a l  

p r o c e d u r e   of  E x a m p l e s   2  to   14  a t   a  t e m p e r a t u r e   o f  

180°C  and  w i t h   h o l d - u p   t i m e s   of  2  h o u r s   and  2 . 2  

h o u r s ,   r e s p e c t i v e l y .   g a v e   a  s e l e c t i v i t y   of  1 3 / 7 9  

(THF/BDO)  and  a  s p a c e t i m e   y i e l d   of  325  w i t h   t h e  

c a t a l y s t   of  E x a m p l e   1  v e r s u s   a  s e l e c t i v i t y   of  3 3 / 1 9  

(THF/BDO)  a n d  a   s p a c e t i m e   y i e l d   of  210  w i t h   t h e  

c a t a l y s t   f r o m   w h i c h   K  was  l e a c h e d .  

EXAMPLE  4 8  

A  3  w e i g h t   p e r c e n t   P d / 3   w e i g h t   p e r c e n t  

R e / c a r b o n - s u p p o r t e d   c a t a l y s t   in   w h i c h   0 . 5   m o l e  

p e r c e n t   s o d i u m   was  a d d e d   to   t h e   p o t a s s i u m - l e a c h e d  

c a r b o n   was  p r e p a r e d   in   t h e   f o l l o w i n g   m a n n e r .   C a l g o n ®  

PCB  12  x  30  c a r b o n   was  c a l c i n e d   a t   2 0 0 ° C   f o r   t w o  

h o u r s   t h e n   a t   4 0 0 ° C   f o r   two  h o u r s .   Ash  and  f i n e s  

w e r e   s e p a r a t e d   by  s c r e e n i n g   on  a  20  mesh   s i e v e .   T h e n  

200  g r a m s   of  t h e   r e s u l t a n t   c a r b o n   was  a d d e d   to   4  

l i t e r s   of  1  M  HCl .   The  s l u r r y   was  l e f t   s t a n d i n g   f o r  

24  h o u r s .   The  c a r b o n   was  t h e n   c o l l e c t e d   on  a  f r i t t e d  

f u n n e l   and  w a s h e d   w i t h  4   l i t e r s   of  d i s t i l l e d   w a t e r .  

The  a c i d   w a s h   was  r e p e a t e d ,   and  t h e   c a r b o n   was  t h e n  

d r i e d   a t   110°C  f o r   18  h o u r s .   The  y i e l d   was  1 9 0 . 3  

g r a m s   of  p o t a s s i u m - l e a c h e d   c a r b o n .   T h e  

p o t a s s i u m - f r e e   c a r b o n   ( 5 0 . 0   g)  was  a d d e d   to   a  

s o l u t i o n   of  1 .3   g  of  NaCl  in   70  ml  of  d i s t i l l e d  

w a t e r .   A f t e r   t h r e e   h o u r s   a t   room  t e m p e r a t u r e   w i t h  

o c c a s i o n a l   s t i r r i n g ,   t h e   s l u r r y   was  d r i e d   a t   1 1 0 ° C  

f o r   18  h o u r s .   The  c a r b o n - w i t h - N a   was  a d d e d   to  a  



s o l u t i o n   of  2 .5   g  of  P d C l 2   and  10  ml  of  cone   HCl  i n  

65  ml  of  d i s t i l l e d   w a t e r .   A f t e r   t h r e e   h o u r s   a t   r o o m  

t e m p e r a t u r e   w i t h   o c c a s i o n a l   s t i r r i n g ,   t h e   s l u r r y   w a s  

d r i e d   a t   110°C  f o r   18  h o u r s .   The  P d / C   s a m p l e   w a s  

t h e n  h e a t e d   f o r   one  h o u r   a t   150°C  in  h e l i u m   a t   1 0 0  

c c / m i n ,   t h e n   one  h o u r   a t   150°C  in  h e l i u m / h y d r o g e n   a t  

100  c c / m i n   e a c h ,   and  f i n a l l y ,   f o r   t h r e e   h o u r s   a t  

300°C   in  t h e   same  h e l i u m / h y d r o g e n   a t m o s p h e r e .   A f t e r  

c o o l i n g   in   f l o w i n g   h e l i u m / h y d r o g e n ,   t h e   s o l i d   w a s  

p a s s i v a t e d   w i t h   1.5%  o x y g e n   in   n i t r o g e n   f o r   18  h o u r s .  

The  p a s s i v a t e d   P d / c a r b o n   s o l i d   ( 4 8 . 3   g)  w a s  

a d d e d   to  a  s o l u t i o n   of  19  ml  of  0 .2M  Re207   in  51  m l  

of  w a t e r .   A f t e r   t h r e e   h o u r s   a t   room  t e m p e r a t u r e   w i t h  

o c c a s i o n a l   s t i r r i n g ,   t h e   s l u r r y   was  d r i e d   a t   1 1 0 ° C  

f o r   18  h o u r s .   The  s a m p l e   was  t h e n   r e d u c e d   a n d  

p a s s i v a t e d   as  d e s c r i b e d   a b o v e ;   4 7 . 8   g r a m s   of  P d / R e / C  

c a t a l y s t   we re   p r o d u c e d .  

H y d r o g e n a t i o n   was  c a r r i e d   o u t   u s i n g   27  g  o f  

t h i s   c a t a l y s t   w i t h   a  35  w e i g h t   p e r c e n t   a q u e o u s  
s o l u t i o n   of  m a l e i c   a c i d   a t   a  t e m p e r a t u r e   of  190°C,   a  

H2  p r e s s u r e   of  2500  p s i g   (17  MPa) .   a  c o n t a c t   t i m e   o f  

2 . 2   h o u r s ,   and  a  h y d r o g e n   s p a c e   t i m e   of  6 . 0   min.   T h e  

r e a c t i o n   p r o d u c t   in   mol  p e r c e n t   b a s e d   on  t h e   c a r b o n  

s p e c i e s   was  T H F - 5 5 / B D O - 3 4 / / m o n o a l c o h o l s -  

8 / y - b u t y r o l a c t o n e - 3   and  t h e   s p a c e t i m e   y i e l d   was  2 4 0 .  

EXAMPLES  49  TO  5 1  

A  3  w e i g h t   p e r c e n t   P d / 3   w e i g h t   p e r c e n t  

R e / c a r b o n - s u p p o r t e d   c a t a l y s t   was  p r e p a r e d   in   t h e  

f o l l o w i n g   m a n n e r :   100  g  of  W e s t a t e s   C C - 5 2 1 - G   c a r b o n  

was  a d d e d   to  a  s o l u t i o n   of  9 . 6   g  of  N a 2 P d C l 4 · 3 H 2 O   i n  

86  ml  of  d i s t i l l e d   w a t e r .   A f t e r   one  h o u r   a t   r o o m  

t e m p e r a t u r e ,   t h e   s l u r r y   was  d r i e d   w i t h   s t i r r i n g   v i a   a  

s t e a m   b a t h .   The  c a r b o n   was  i m p r e g n a t e d   w i t h   4 . 0   g  o f  

NaOH  in  88  ml  of  d i s t i l l e d   w a t e r   f o r   two  h o u r s .   T h e  

c a r b o n   was  t h e n   w a s h e d   w i t h  



d i s t i l l e d   w a t e r   u n t i l   c h l o r i d e   f r e e ;   150  g  of  t he   P d  

on  c a r b o n   s a m p l e   was  r e c o v e r e d   f o l l o w i n g   d r y i n g :   a n d  

45  g  of  t h e   Pd  on  c a r b o n   was  d r i e d   a t   110°C   f o r   18  

h r s .   I t   was  t h e n   h e a t e d ;   one  h o u r   a t   150°C  in   He  

f l o w i n g   a t   100  c c / m i n ,   f o l l o w e d   by  one   h o u r   a t   1 5 0 ° C  

in   h e l i u m / h y d r o g e n   e a c h   a t   100  c c / m i n ;   and  f i n a l l y .  

f o r   t h r e e   h o u r s   a t   3 0 0 ° C   in   t h e   f l o w i n g  

h e l i u m / h y d r o g e n   a t m o s p h e r e .   A f t e r   c o o l i n g   u n d e r  

f l o w i n g   h e l i u m / h y d r o g e n ,   t h e   s a m p l e   was   p a s s i v a t e d  

w i t h   1.5%  o x y g e n   in   n i t r o g e n   f o r   18  h o u r s .   T h e n .  

2 9 . 3 8   g  of  r e d u c e d   P d / C   was  a d d e d   to   a  s o l u t i o n   o f  

1 1 . 5   ml  of  0.2M  Re207   and  3 8 . 5   ml  of  d i s t i l l e d  

w a t e r .   A f t e r   t h r e e   h o u r s   a t   room  t e m p e r a t u r e ,   t h e  

s l u r r y   was  d r i e d   a t   1 1 0 ° C   f o r   18  h o u r s .   T h e  

r e s u l t a n t   P d / R e / C   c a t a l y s t  w a s   r e d u c e d   and  p a s s i v a t e d  

as  a b o v e   to   g i v e   2 9 . 4 4   g  of  c a t a l y s t .  

H y d r o g e n a t i o n   was   c a r r i e d   o u t   as  in   E x a m p l e s  

2  to  14  w i t h   t h e   r e a c t i o n   t e m p e r a t u r e s   and  c o n t a c t  

t i m e s   shown  in   T a b l e   9.  The  h y d r o g e n   p r e s s u r e   w a s  

2500  p s i g   (17  MPa)  and  t h e   h y d r o g e n   s p a c e t i m e   was  6 . 0  

min  f o r   a l l   t h r e e   E x a m p l e s .  



COMPARISONS D  T O  H  

S e q u e n t i a l   P d / R e   D e p o s i t i o n   W i t h o u t  

I n t e r m e d i a t e   R e d u c t i o n  

A  c a t a l y s t   c o m p r i s e d   of  3  w e i g h t   p e r c e n t   o f  

Pd  and  3  w e i g h t   p e r c e n t   of  Re  s u p p o r t e d   on  c a r b o n   w a s  

p r e p a r e d   in   t h e   f o l l o w i n g   m a n n e r .   C a r b o n ,   100  g .  

( C a l g o n   PCB  12  x  30)  was  c a l c i n e d   a t   200°C   f o r   t w o  

h o u r s ,   t h e n   a t   400°C   f o r   two  h o u r s .   T h e n ,   6 5 . 2 5   g  o f  

t h e   c a r b o n   was  r e c o v e r e d   on  a  20  mesh   s i e v e .   A 

s e q u e n t i a l   d e p o s i t i o n   of  Pd  and  Re  o n t o   t h e   r e c o v e r e d  

c a l c i n e d   c a r b o n   was  made  as  f o l l o w s :   50  g  of  t h e  

c a l c i n e d   c a r b o n   was  a d d e d   to  a  s o l u t i o n   of  2 .5   g  o f  

PdCl2   and  10  ml  of  c o n c e n t r a t e d   HC1  in  75  ml  o f  

d i s t i l l e d   w a t e r .   A f t e r   t h r e e   h o u r s   a t   r o o m  

t e m p e r a t u r e ,   w i t h   o c c a s i o n a l   s t i r r i n g ,   t h e   s l u r r y   w a s  
d r i e d   a t   110°C  f o r   e i g h t e e n   h o u r s .   One  gram  of  t h e  

d r i e d   Pd /C   s a m p l e   was  r e m o v e d   f o r   a n a l y s i s ,   and  t h e  

r e m a i n d e r .   5 0 . 3 1   g,  was  a d d e d   to   1 9 . 8 6   ml  of  a  
s o l u t i o n   of  0 . 2   M  Re2O7  in  65  ml  of  d i s t i l l e d   w a t e r .  

A f t e r   t h r e e   h o u r s ,   w i t h   o c c a s i o n a l   s t i r r i n g ,   a t   r o o m  

t e m p e r a t u r e ,   t h e   s l u r r y   was  d r i e d   a t   110°C  f o r  

e i g h t e e n   h o u r s .   One  gram  of  t h e   d r i e d   P d / R e / C   s a m p l e  

was  r e m o v e d   f o r   a n a l y s i s   and  t h e   r e m a i n d e r   was  h e a t e d  

a t   150°C  f o r   one  h o u r   in   100  c c / m i n   h e l i u m ,   t h e n   a t  

150°C  f o r   one   h o u r   in   100  c c / m i n   e a c h   of  h e l i u m   a n d  

h y d r o g e n   and  t h e n   a t   300°C  f o r   t h r e e   h o u r s   in  t h e  

f l o w i n g   He/H2  a t m o s p h e r e .   The  s a m p l e   was  t h e n   c o o l e d  

to  room  t e m p e r a t u r e .   The  r e d u c e d   P d / R e / C   s a m p l e   w a s  

p a s s i v a t e d   in   1.5%  o x y g e n   in  n i t r o g e n   f o r   e i g h t e e n  

h o u r s .   The  y i e l d   was  4 6 . 6 8   g  of  p a s s i v a t e d ,   r e d u c e d  

P d / R e / C   c a t a l y s t .  

H y d r o g e n a t i o n   was  c a r r i e d   o u t   as  in  E x a m p l e s  

2  to  14  w i t h   t h e   r e d u c t i o n   t e m p e r a t u r e s ,   r e a c t i o n  

c o n t a c t   t i m e s ,   and  r e s u l t s   shown  i n  T a b l e   10.  s a i d  



r e s u l t s   s h o w i n g   i n c o m p l e t e   c o n v e r s i o n s   and  p o o r  
s e l e c t i v i t i e s .  

EXAMPLES  52  TO  5 6  

C a r b o n .   400  g  ( C a l g o n   PCB  1 2  x   30)  was  a d d e d  

to  1  M  HCl .   A f t e r   24  h o u r s ,   t h e   c a r b o n   was  c o l l e c t e d  

on  a  f r i t t e d   f u n n e l   and  t h e n   w a s h e d   w i t h   d i s t i l l e d  

w a t e r   u n t i l   c h l o r i d e - f r e e .   The   a c i d   t r e a t m e n t   a n d  

w a s h i n g   w e r e   r e p e a t e d   and  t h e   c a r b o n   was  t h e n   d r i e d  

a t   110°C  f o r   48  h o u r s .   The  a c i d - w a s h e d   c a r b o n   w a s  

r e c o v e r e d   in   t h e   a m o u n t   of  3 8 5 . 3   g r a m s   a n d  

s u b s e q u e n t l y   u s e d   as   f o l l o w s .  

A  c a t a l y s t   c o m p r i s i n g   3%  Pd/3%  R e / C  

c o n t a i n i n g   0 . 3 0   mole   p e r c e n t   Mg  ( E x a m p l e   52)   w a s  

p r e p a r e d   as  f o l l o w s .   F i r s t ,   9 6 . 0  g r a m s   of  t h e   a c i d -  

l e a c h e d   c a r b o n   was  a d d e d   to   a  s o l u t i o n   of  4 . 8 2  9   o f  

MgCl2 ·6H2O  in   150  ml  of  d i s t i l l e d   w a t e r .   A f t e r   t h r e e  

h o u r s   a t   room  t e m p e r a t u r e   w i t h   o c c a s i o n a l   s t i r r i n g .  

t h e   s l u r r y   was  d r i e d ,   w i t h   f r e q u e n t   s t i r r i n g ,   a t  

110°C  f o r   e i g h t e e n   h o u r s .   The  M g / C  



s a m p l e   was  c a l c i n e d   a t   200°C  f o r   two  h o u r s   when  a t  

400°C  f o r   an  a d d i t i o n a l  t w o   h o u r s .   The  r e s u l t a n t  

c a l c i n e d ,   Mg/C  s a m p l e   was  c o l l e c t e d   on  a  2 0 - m e s h  

s i e v e .  

The  c a l c i n e d   Mg/C.  5 0 . 0   g,  was  a d d e d   to  a  

s o l u t i o n   of  2 . 5   g r a m s   of  PdCl2   +  10  ml  o f  

c o n c e n t r a t e d   HC1  i n   75  ml  of  d i s t i l l e d   w a t e r .   A f t e r  

t h r e e   h o u r s   a t   room  t e m p e r a t u r e ,   t h e  s l u r r y   w a s  

d r i e d ,   w i t h   f r e q u e n t   s t i r r i n g .   a t   1 1 0 ° C   f o r   e i g h t e e n  

h o u r s .   The  P d / C - M g   s a m p l e   was  t h e n   r e d u c e d   b y  

h e a t i n g   a t   150°C  f o r   one  hour   in  100  c c / m i n   h e l i u m .  

t h e n   a t   150°C  f o r   one  h o u r   in   100  c c / m i n   e a c h   o f  

h e l i u m   and  h y d r o g e n   and  f i n a l l y   a t   3 0 0 ° C   f o r   t h r e e  

h o u r s   in   f l o w i n g   h e l i u m / h y d r o g e n .   The  s a m p l e   w a s  

c o o l e d  t o   room  t e m p e r a t u r e   in   f l o w i n g   h e l i u m / h y d r o g e n  

and  t h e n   was  p a s s i v a t e d   in   1.5%  0 2 / N 2   f o r   e i g h t e e n  

h o u r s .  

T h e n .   4 7 . 9 5   g r a m s   of  t h e   r e d u c e d   P d / C - M g  

s a m p l e   was  a d d e d   to   19  ml  of  0 .2   M  Re207   and  60  ml  o f  

d i s t i l l e d   w a t e r .   A f t e r   t h r e e   h o u r s   a t   r o o m  

t e m p e r a t u r e ,   t h e   s l u r r y   was  d r i e d   a t   1 1 0 ° C   f o r  

e i g h t e e n   h o u r s .   The  P d / R e / C - M g   s a m p l e   was  t h e n  

r e d u c e d   as  d e s c r i b e d   a b o v e   f o l l o w i n g   t h e   Pd  a d d i t i o n  

and  t h e   r e d u c e d   P d / R e / C - M g   c a t a l y s t   was  p a s s i v a t e d   i n  

1.5%  o x y g e n   in   n i t r o g e n   f o r   e i g h t e e n   h o u r s .  

P a s s i v a t e d   r e d u c e d   P d / R e / C - M g   c a t a l y s t   was  p r o d u c e d  

in  t h e   a m o u n t   of  4 8 . 3 4   g r a m s .  

A  c a t a l y s t   c o m p r i s i n g   3%  Pd /3%  R e / C  

c o n t a i n i n g   0 . 3 0   mo le   p e r c e n t   Ca  ( E x a m p l e   53)  w a s  

p r e p a r e d   as  f o l l o w s .   F i r s t .   9 6 . 0   g r a m s   of  t h e  

a c i d - l e a c h e d   c a r b o n   was  a d d e d   to  a  s o l u t i o n   of  2 . 66   g  

of  CaCl2   in  150  ml  of  d i s t i l l e d   w a t e r .   A f t e r   t h r e e  

h o u r s   a t   room  t e m p e r a t u r e   w i t h   o c c a s i o n a l   s t i r r i n g .  

t he   s l u r r y   was  d r i e d ,   w i t h   f r e q u e n t   s t i r r i n g ,   a t  

110°C  f o r   e i g h t e e n   h o u r s .   The  Ca/C  s a m p l e   w a s  



c a l c i n e d   a t   200°C  f o r   two  h o u r s ,   t h e n   a t   4 0 0 ° C   f o r   a n  

a d d i t i o n a l   two  h o u r s .   The  r e s u l t a n t   c a l c i n e d ,   C a / C  

s a m p l e   was  c o l l e c t e d   on  a  2 0 - m e s h   s i e v e .  

The  c a l c i n e d   C a / C .   5 0 . 0   g,  was  a d d e d   to  a  

s o l u t i o n   of  2 . 5   g r a m s   of  P d C l 2   +  1 0  m l   o f  

c o n c e n t r a t e d   HC1  i n   75  ml  of  d i s t i l l e d   w a t e r .   A f t e r  

t h r e e   h o u r s   a t   room  t e m p e r a t u r e ,   t h e   s l u r r y   w a s  

d r i e d ,   w i t h   f r e q u e n t   s t i r r i n g .   a t   1 1 0 ° C   f o r   e i g h t e e n  

h o u r s .   The  P d / C - C a   s a m p l e   was  t h e n   r e d u c e d   b y  

h e a t i n g   a t   150°C  f o r   one   h o u r   i n   100  c c / m i n   h e l i u m ,  

t h e n   a t   150°C  f o r   one  h o u r   i n   100  c c / m i n . e a c h   o f  

h e l i u m   and  h y d r o g e n   and  f i n a l l y   a t   3 0 0 ° C   f o r   t h r e e  

h o u r s   in   t h e   f l o w i n g   h e l i u m / h y d r o g e n   a t m o s p h e r e .   T h e  

s a m p l e   was  c o o l e d   to   room  t e m p e r a t u r e   i n   f l o w i n g  

h e l i u m / h y d r o g e n   and  t h e n   was  p a s s i v a t e d   i n   1.5%  0 2 / N 2  
f o r   e i g h t e e n   h o u r s .  

T h e n .   4 9 . 0   g r a m s   of  t h e   r e d u c e d   P d / C - C a  

s a m p l e   was  a d d e d   t o   1 9 . 3 5   ml  of  0 . 2   M  R e 2 0 7   and  65  m l  

of   d i s t i l l e d   w a t e r .   A f t e r   t h r e e   h o u r s   a t   r o o m  

t e m p e r a t u r e ,   t h e   s l u r r y   was  d r i e d   a t   1 1 0 ° C   f o r  

e i g h t e e n   h o u r s .   The  P d / R e / C - C a   s a m p l e  w a s   t h e n  

r e d u c e d   as  d e s c r i b e d   a b o v e   f o l l o w i n g   t h e   Pd  a d d i t i o n  

and   t h e   r e d u c e d   P d / R e / C - C a   c a t a l y s t   was  p a s s i v a t e d   i n  

1 .5%  o x y g e n   in   n i t r o g e n   f o r   e i g h t e e n   h o u r s .  

P a s s i v a t e d .   r e d u c e d   P d / R e / C - C a   c a t a l y s t   was  p r o d u c e d  

in   t h e   a m o u n t   of  5 0 . 2 8   g r a m s .  

A  c a t a l y s t   c o m p r i s i n g   3%  Pd/3%  R e / C  

c o n t a i n i n g   0 . 3 0   m o l e   p e r c e n t   K  ( E x a m p l e   54)   w a s  

p r e p a r e d   as   f o l l o w s .   F i r s t .   9 6 . 0   g r a m s   of  t h e  

a c i d - l e a c h e d   c a r b o n   was  a d d e d   to  a  s o l u t i o n   of  1 . 3 8  

of  KOH  in  150  ml  of  d i s t i l l e d   w a t e r .   A f t e r   t h r e e  

h o u r s   a t   room  t e m p e r a t u r e   w i t h   o c c a s i o n a l   s t i r r i n g .  

t h e   s l u r r y   was  d r i e d ,   w i t h   f r e q u e n t   s t i r r i n g ,   a t  

110°C  f o r   e i g h t e e n   h o u r s .   The  K/C  s a m p l e   w a s  

c a l c i n e d   a t   200°C   f o r   two  h o u r s ,   t h e n   a t   400°C  f o r   a n  



a d d i t i o n a l   two  h o u r s .   The  r e s u l t a n t   c a l c i n e d ,   K / C  

s a m p l e   was  c o l l e c t e d   on  a  2 0 - m e s h   s i e v e .  

The  c a l c i n e d   K/C.  5 0 . 0   g,  was  a d d e d   to  a  

s o l u t i o n   of  2 . 5   g r a m s   of  PdC12  +  10  ml  o f  

c o n c e n t r a t e d   HC1  in  75  ml  of  d i s t i l l e d   w a t e r .   A f t e r  

t h r e e   h o u r s   a t   room  t e m p e r a t u r e ,   t h e   s l u r r y   w a s  

d r i e d ,   w i t h   f r e q u e n t   s t i r r i n g ,   a t   1 1 0 ° C   f o r   e i g h t e e n  

h o u r s .   The  P d / C - K   s a m p l e   was  t h e n   r e d u c e d   by  h e a t i n g  

a t   1 5 0 ° C   f o r   one  h o u r   in   100  c c / m i n   h e l i u m ,   t h e n   a t  

150°C  f o r   one  h o u r   in   100  c c / m i n   e a c h   of  h e l i u m   a n d  

h y d r o g e n   and  f i n a l l y   a t   300°C  f o r   t h r e e   h o u r s   in  t h e  

f l o w i n g   h e l i u m / h y d r o g e n   and  t h e n   was  p a s s i v a t e d  i n  

1.5%  0 2 / N 2   f o r   e i g h t e e n   h o u r s .  

N e x t .   4 8 . 4   g r a m s   of  t h e   r e d u c e d   P d / C - K  

s a m p l e   was  a d d e d   to   1 9 . 1 0   ml  of   0 . 2   M  R e 2 0 7  a n d   65  m l  

of  d i s t i l l e d   w a t e r .   A f t e r   t h r e e   h o u r s   a t   r o o m  

t e m p e r a t u r e ,   t h e   s l u r r y   was  d r i e d   a t   1 1 0 ° C   f o r  

e i g h t e e n   h o u r s .   The  P d / R e / C - K   s a m p l e   was  t h e n  

r e d u c e d   as  d e s c r i b e d   a b o v e   f o l l o w i n g   t h e   Pd  a d d i t i o n  

and  t h e   r e d u c e d   P d / R e / C - K   c a t a l y s t   was  p a s s i v a t e d   i n  

1.5%  o x y g e n   in   n i t r o g e n   f o r   e i g h t e e n   h o u r s .  

P a s s i v a t e d ,   r e d u c e d   P d / R e / C - K   c a t a l y s t   was  p r o d u c e d  

in  t h e   a m o u n t   of  4 8 . 6 7   g r a m s .  

A  c a t a l y s t   c o m p r i s i n g   3%  P d / 3  %   R e / C  

c o n t a i n i n g   0 . 3 6   mole   p e r c e n t   Li  ( E x a m p l e   55)  w a s  

p r e p a r e d   as  f o l l o w s .   F i r s t ,   9 6 . 0   g r a m s   of  t h e  

a c i d - l e a c h e d   c a r b o n   was  a d d e d   to   a  s o l u t i o n   of  1 . 1 7  

g rams   of  L i C l   in   150  ml  of  d i s t i l l e d   w a t e r .   A f t e r  

t h r e e   h o u r s   a t   room  t e m p e r a t u r e   w i t h   o c c a s i o n a l  

s t i r r i n g ,   t h e   s l u r r y   was  d r i e d ,   w i t h   f r e q u e n t  

s t i r r i n g ,   a t   110°C  f o r   e i g h t e e n   h o u r s .   The  L i / C  

s a m p l e   was  c a l c i n e d   a t   200°C  f o r   two  h o u r s ,   t h e n   a t  

400°C  f o r   an  a d d i t i o n a l   two  h o u r s .   The  r e s u l t a n t  

c a l c i n e d ,   L i / C   s a m p l e   was  c o l l e c t e d   on  a  2 0 - m e s h  

s i e v e .  



The  c a l c i n e d   L i / C   ( 5 0 . 0   g r a m s )   was  a d d e d   t o  

a  s o l u t i o n   of  2 . 5   g r a m s   of  P d C l 2 +   10  ml  o f  

c o n c e n t r a t e d   HC1  in  80  ml  of  d i s t i l l e d   w a t e r .   A f t e r  

t h r e e   h o u r s   a t   room  t e m p e r a t u r e ,   t h e   s l u r r y   w a s  

d r i e d ,   w i t h   f r e q u e n t   s t i r r i n g ,   a t   1 1 0 ° C   f o r   e i g h t e e n  

h o u r s .   The  P d / C - L i   s a m p l e   was  t h e n   r e d u c e d   b y  

h e a t i n g   a t   150°C   f o r   one  h o u r   in   100  c c / m i n   h e l i u m .  

t h e n   a t   1 5 0 ° C   f o r   one  h o u r   i n   100  c c / m i n   e a c h   o f  

h e l i u m   and  h y d r o g e n   and  f i n a l l y   a t   3 0 0 ° C   f o r   t h r e e  

h o u r s   in   t h e   f l o w i n g   h e l i u m / h y d r o g e n   a t m o s p h e r e .   T h e  

s a m p l e   was  c o o l e d   to   room  t e m p e r a t u r e   i n  f l o w i n g  

h e l i u m / h y d r o g e n   and  t h e n   was  p a s s i v a t e d   in   1.5%  O 2 / N 2  
f o r   e i g h t e e n   h o u r s .  

T h e n ,   4 9 . 5   g r a m s   of  t h e   r e d u c e d   P d / C - L i  

s a m p l e   was  a d d e d   to   1 9 . 5   ml  of  0 . 2   M  R e 2 O 7  a n d   60  m l  

of  d i s t i l l e d   w a t e r .   A f t e r   t h r e e   h o u r s   a t   r o o m  

t e m p e r a t u r e ,   t h e   s l u r r y   was  d r i e d   a t  1 1 0 ° C   f o r  

e i g h t e e n   h o u r s .   The  P d / R e / C - L i   s a m p l e   was  t h e n  

r e d u c e d   as  d e s c r i b e d   a b o v e   f o l l o w i n g   t h e  P d   a d d i t i o n  

and  t h e   r e d u c e d   P d / R e / C - L i   c a t a l y s t   was  p a s s i v a t e d   i n  

1.5%  o x y g e n   in   n i t r o g e n   f o r   e i g h t e e n   h o u r s .  

P a s s i v a t e d .   r e d u c e d   P d / R e / C - L i   c a t a l y s t   was  p r o d u c e d  

in   t h e   a m o u n t   of  4 9 . 9 7   g r a m s .  

T h e s e   c a t a l y s t s   a l o n g   w i t h   a  c a t a l y s t   m a d e  

a c c o r d i n g   to   E x a m p l e   48  and   c o m p r i s i n g   3%  Pd/3%  R e / C  

c o n t a i n i n g   0 . 5   mo le   p e r c e n t   Na  ( E x a m p l e   56)  w e r e   u s e d  

in   h y d r o g e n a t i o n   r u n s   c a r r i e d   o u t   as  d e s c r i b e d   i n  

E x a m p l e s   2  to   14  w i t h   r e a c t i o n   t e m p e r a t u r e s ,   r e a c t i o n  

c o n t a c t   t i m e s   and  r e s u l t s   shown  in  T a b l e   1 1 .  





1.  A  c a t a l y s t   c o m p o s i t e   of  p a l l a d i u m   a n d  

r h e n i u m   on  a  c a r b o n   s u p p o r t ,   t h e   c o m p o s i t e   c o m p r i s i n g  

a b o u t   0.5%  to  10%  of  p a l l a d i u m   and   a b o u t   1%  to  10%  o f  

r b e n i u m   by  t o t a l   w e i g h t ,   t h e   p a l l a d i u m   b e i n g   p r e s e n t  
in   t h e   f o r m   of  c r y s t a l l i t e s   h a v i n g   an  a v e r a g e   s i z e   o f  

a b o u t   10  nm  to  25  nm  and   t h e   r h e n i u m   b e i n g   p r e s e n t   i n  

t h e   f o r m   of  a  h i g h l y   d i s p e r s e d   p h a s e   of  c r y s t a l l i t e s  

h a v i n g   a n  a v e r a g e   s i z e   of  l e s s   t h a n   a b o u t   2 . 5   nm.  

2.  A  m e t h o d   f o r   m a k i n g   a  c a t a l y s t   o f  

p a l l a d i u m   and  r h e n i u m   o n  a   c a r b o n   s u p p o r t   c o m p r i s i n g  

t h e   s t e p s ,   in  s e q u e n c e :  

( i )   i m p r e g n a t i n g   t h e   c a r b o n   s u p p o r t   w i t h   a  

s o u r c e   of  p a l l a d i u m ,   s a i d   p a l l a d i u m  

b e i n g   i n   s o l u t i o n .  

( i i )   r e m o v i n g   t h e   s o l v e n t ,   and  h e a t i n g   t h e  

p a l l a d i u m   i m p r e g n a t e d   c a r b o n   a t   a  

t e m p e r a t u r e   of  a b o u t   150°C  to   5 5 0 ° C  

u n d e r   r e d u c i n g   c o n d i t i o n s .  

( i i i )   a p p l y i n g   to   t h e   p a l l a d i u m   i m p r e g n a t e d  

c a r b o n   a  s o u r c e   of  r h e n i u m   t h a t   i s   i n  

s o l u t i o n ,   a n d  

( i v )   r e m o v i n g   t h e   s o l v e n t .  

3.  A  m e t h o d   a c c o r d i n g   to   C l a i m   2  c o m p r i s i n g  

t h e   a d d i t i o n a l   s t e p   o f  

(v)  h e a t i n g   t h e   c a t a l y s t   of  s t e p  ( i v )   a t   a  

t e m p e r a t u r e   of  a b o u t   150°C  to   5 5 0 ° C  

u n d e r   r e d u c i n g   c o n d i t i o n s .  

4.  A  c a t a l y s t   c o m p o s i t e   c o n s i s t i n g  

e s s e n t i a l l y   of  p a l l a d i u m   and  r h e n i u m   d e p o s i t e d   on  a  

c a r b o n   s u p p o r t   w i t h   t h e   p a l l a d i u m   h a v i n g   b e e n   r e d u c e d  

b e f o r e   t h e   r h e n i u m   i s   d e p o s i t e d .  



5.  A  c a t a l y s t   c o m p o s i t e   of  p a l l a d i u m   a n d  

r h e n i u m   on  a  c a r b o n   s u p p o r t ,   t h e   c o m p o s i t e   c o m p r i s i n g  

a b o u t   0.5%  to  10%  of  p a l l a d i u m   and  a b o u t   1%  to  10%  o f  

r h e n i u m   by  t o t a l   w e i g h t ,   made  by  t h e   s t e p s ,  i n  

s e q u e n c e ,   o f :  

( i )   i m p r e g n a t i n g   t h e   c a r b o n   s u p p o r t   w i t h   a  

s o u r c e   of  p a l l a d i u m ,   s a i d   p a l l a d i u m  

b e i n g   in   s o l u t i o n .  

( i i )   r e m o v i n g   t h e   s o l v e n t   and  h e a t i n g   t h e  

p a l l a d i u m   i m p r e g n a t e d   c a r b o n   a t   a  

t e m p e r a t u r e   of  a b o u t   150°C  to  5 5 0 ° C  

u n d e r   r e d u c i n g   c o n d i t i o n s ,  

( i i i )   a p p l y i n g   to  t h e   p a l l a d i u m   i m p r e g n a t e d  

c a r b o n   a  s o u r c e   of  r h e n i u m   t h a t   is   i n  

s o l u t i o n ,   a n d  

( i v )   r e m o v i n g   t h e   s o l v e n t .  

6.  A  c a t a l y s t   a c c o r d i n g   t o   C l a i m   5  made  b y  

e m p l o y i n g   t h e  a d d i t i o n a l   s t e p   o f  

(v)   h e a t i n g   t h e   c a t a l y s t   c o m p o s i t e   of  s t e p  

( i v )   a t   a  t e m p e r a t u r e   of  a b o u t   1 5 0 ° C  

to  550°C  u n d e r   r e d u c i n g   c o n d i t i o n s .  

7.  A  m e t h o d   f o r   m a k i n g   t e t r a h y d r o f u r a n ,  

1 , 4 - b u t a n e d i o l   or  m i x t u r e s   t h e r e o f   c o m p r i s i n g  

h y d r o g e n a t i n g   a  h y d r o g e n a t a b l e   p r e c u r s o r   in  t h e  

p r e s e n c e   of  a  s o l v e n t   med ium  and  a  c a t a l y s t   a c c o r d i n g  

to  C l a i m   1,  4,  5,  or  6 .  



8.  In  a  m e t h o d   f o r   m a k i n g   t e t r a h y d r o f u r a n ,  

1 . 4 - b u t a n e d i o l   or  m i x t u r e s   t h e r e o f   f r o m   an  o x i d i z a b l e  

m a l e i c   a n h y d r i d e   p r e c u r s o r   c o m p r i s i n g   o x i d i z i n g   t h e  

p r e c u r s o r   to  f o r m   m a l e i c   a n h y d r i d e   and  r e a c t i n g   t h e  

m a l e i c   a n h y d r i d e   w i t h   h y d r o g e n   in   t h e   p r e s e n c e   of  a  

h y d r o g e n a t i o n   c a t a l y s t ,   t he   i m p r o v e m e n t   w h i c h  

c o m p r i s e s :  

( i )   c o l l e c t i n g   t h e   m a l e i c   a n h y d r i d e   f r o m  

t h e   o x i d a t i o n   s t e p   in   w a t e r   to   f o rm  a n  

a q u e o u s   s o l u t i o n   of  m a l e i c   a c i d ,   a n d  

( i i )   r e a c t i n g   t h e   a q u e o u s   s o l u t i o n   o f  

m a l e i c   a c i d   w i t h   h y d r o g e n   in  t h e  

p r e s e n c e   of  a  c a t a l y s t   a c c o r d i n g   t o  

C l a i m   1,  4,  5 ,  o r   6 .  



9.  A  m e t h o d   f o r   m a k i n g   t h e   c a t a l y s t   o f  

C l a i m   c o m p r i s i n g   t h e   s t e p s ,   in  s e q u e n c e :  
( i )   i m p r e g n a t i n g   t h e   c a r b o n   s u b s t r a t e   w i t h  

a  s o u r c e   of  p a l l a d i u m ,   s a i d   p a l l a d i u m  

b e i n g   in   s o l u t i o n .  

( i i )   r e m o v i n g   t h e   s o l v e n t ,   and  h e a t i n g   t h e  

p a l l a d i u m   i m p r e g n a t e d   c a r b o n   a t   a  

t e m p e r a t u r e   of  a b o u t   150°C   to  5 5 0 ° C  

u n d e r   r e d u c i n g   c o n d i t i o n s .  

( i i i )   a p p l y i n g   to  t h e   p a l l a d i u m   i m p r e g n a t e d  

c a r b o n   a  s o u r c e   of  r h e n i u m   t h a t   i s   i n  

s o l u t i o n ,   a n d  

( i v )   r e m o v i n g   t he   s o l v e n t .  

10.  A  m e t h o d   a c c o r d i n g   to  C l a i m   9  c o m p r i s i n g  

t h e   a d d i t i o n a l   s t e p   o f  

(v)   h e a t i n g  t h e   c a t a l y s t   c o m p o s i t e   of  s t e p  

( i v )   a t   a  t e m p e r a t u r e   of  a b o u t   1 5 0 ° C  

to  5 5 0 ° C   u n d e r   r e d u c i n g   c o n d i t i o n s .  
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